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SECTION  1>0 
INTRODUCTION 


The  Quiet  Clean  Short-Haul  Experimental  Engine  (QCSEE)  Program  provides 
for  the  design,  fabrication,  and  testing  of  experimental,  high-bypass,  geared 
turbofan  engines  and  propulsion  systems  for  short-haul  passenger  aircraft. 

The  overall  objective  of  the  program  is  to  develop  the  propulsion  technology 
required  for  future  externally  blown  flap  types  of  aircraft  with  engines 
located  both  under  the  wing  and  over  the  wing.  This  technology  encompasses 
the  following  elements: 

• Variable-pitch  and  fixed-pitch  fans 

• (reared  fans 

• Low  noise 

• Low  exhaust  emissions 

• High  thrust-to-weight  ratio 

• Composite  fan  blades 

• Composite  fan  frames 

• Lightweight  low-drag  nacelles 

• Digital  electronic  controls 

• Thrust  reverse  means 

• Rapid  response  to  thrust  demand 

• Low  fan  pressure  ratio,  low  fuel  consumption  cycles 

Two  experimental  propulsion  systems  are  being  developed  and  will  be  tested 
as  a part  of  the  QCSEE  Program  (Contract  NAS3-18021).  ‘The  under-the-wing  (UTVO 
engine  features  a low-tip-speed,  low-pressure-ratio,  variable-pitch  fan,  while 
the  over-the-wing  (OTW)  engine  features  a fixed-pitch  fan  having  a higher  design 
pressure  ratio  accomplished  with  a higher  tip  speed. 

The  overall  engine  design  process  included  the  preliminary  design  of 
optimized  and  OW  flight  engine  configurations  during  the  initial  phase 
of  the  program,  which  involved  the  participation  of  representatives  of  NASA- 
Lewis,  the  Douglas  Aircraft  Company,  The  Boeing  Company,  and  American  Airlines. 


The  preliminary  design  of  the  two  experimental  engines  was  conducted  in 
l)iirallel  with  the  design  of  the  flight  engines.  Design  of  the  experimental 
engines  duplicated  the  flight  engines  in  all  areas  except  those  where  con- 
siderable cost  savings  could  be  accomplished  through  simplification  or 
utilization  of  existing  component  hardware  without  compromising  the  basic 
program  objectives. 

Following  approval  of  the  preliminary  engine  designs  by  NASA,  detail 
design  of  the  experimental  engines  was  initiated.  This  report  summarizes  the 
final  detail  design  of  the  OTW  experimental  engine.  Any  discussions  relating 
to  the  On^  flight  engine  are  Included  only  ior  the  v pose  of  defining  spe- 
cific differ'"  ices  which  exist  between  the  experimental  and  flight  engine  con- 
figurations. Reference  to  the  UTI^  engine  in  certain  sections  is  made  only 
where  it  was  felt  necessary  to  provide  a better  understanding  of  the  overall 
engine  design  process. 
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SECTION  \0 


This  report  Hummirh’ien  the  detail  ilertir,n  of  the  over--the-wlng  (OW) 
experlmentnl  enp.ino.  The  rosultH  of  the  detail  design  provide  n high  degree 
of  oonfidenee  (hat  the  experimental  engine  will  meet  all  of  the  stated  pro- 
gram id>jectlves.  Hesigu  simplification  in  certain  areas  and  application  of 
available  component  hardware  to  the  experimental  engine  design  to  minimize 
program  expenditures  have  not  resulted  in  anv  compromise  of  the  program 
technical  object i ves • 


2, 1 PROGRAM  OH JKGT I VKS 


‘Phe  major  purpose  of  the  Program  is  to  develop  and  demonstrate  the 

technologv  required  for  propulsion  svstems  for  quiet,  clean,  and  economlcallv 
viable  commercial  slu^rt-haul  aircraft.  This  comprehensive  program  includes 
tlio  following  i>hiec lives: 

• Tt>  develop  the  piMpulsion  svstem  technologv  x\?hich  will  permit  a 
slu>rt “-haul  tiircraft  to  acliieve  tlu'  system  noise  gtnil  of  PPNdH 
ahnig.  a 1^2  m (SOO  ft)  siih^llne  x\^hen  the  engines  are  scaled  to  a 
totr.l  installed  thrust  of  400,200  N (00,000  Ih).  The  design  shall 
also  minimise  the  ground  area  (footprint)  exposed  to  objectionable 
m)ise  levels. 

• To  demonstnate  a propulsion  system  wlticli  will  meet  advanced 
pollution  goals  under  all  operating  emuHtions. 

• To  develop  tlie  techiu^log.v  fen-  verv-lil gh-bvpass-rat  io  engines  wltli 
t|uiet  low'^pressure-rat  io  gearenl  variable-pl tch  fans. 

• T(^  eUna^lop  the  technology  required  to  meet  propulsion  system 
performam'e,  cemtro!,  weiixht,  and  operational  characterlst  i cs. 

• Ti'  (It'Vt'Kq^  the  material,  design,  and  fabrleathvi  technology  for 
quiet  propulsion  systems  wlilt'li  will  yield  engine  designs  wliich 
have'  an  uninstalled  thrust -te>-weiglit  ratio  greater  than  6 to  1 
and  Installed  tlxriis t-to~we i ght  ratios  greater  than  3.5  to  1. 

• Te'i  devole>p  the  tochneOe\gv  X\’h  I ch  will  yieOd  engine  thrust  i-esponse 
I'haracte'r  i St  ics  required  for  pe>wered  lift  operations. 

• *l’o  pre)viele  the  technology  xWiicli  x^7il1  penult  the  design  of  quiet, 
eflicient,  lightweight  tlirust  reversing  systenns  for  penvvrou  lift 
aircralt  . 


• To  proviilo  the  tochnolojw  ti'  permit  the  doslKn  of  inte^rnted 
online  ami  nacelle  installations  Vv^hlch  will  bo  tolerant  to  aero- 
ilvnamlo  distortions  expected  with  operating  flight  conditions 
(such  as  lilgh  crosswinds,  large  angles  of  attack,  md  side  slip) 
and  still  provide  good  cruise  per formance. 

• Ti'  provide  tlie  digital  electronic  engine  control  technology  re- 
([uired  to  Improve  engine  and  fan  pitch  control,  thrust  response, 
operational  monitoring,  and  relief  of  some  of  the  pilot's  workload 
especial Iv  during  powered  lift  flight  operations  In  the  terminal 
area. 


Si'l’ni'lC  TKCIIN'ICAI.  OIUKITTVKS 

Tile  following  specific  design  oi' jeer  Ives  have  been  establ  I^'.hed  for  the 
I light  and  experimental  OTW  propulsion  systems. 


1 No  1 se 

rhe  ('TK'  experimental  engine  shall  be  designed  to  meet  the  following  noise 
oblecllves  when  scaled  t«'  fit  a four'cnglned , 400,100  N (‘>0,000  lb)  thrust  air- 
craft ! 

T.tkeoff  and  approach  - OS  I'PNdB  (*1  ISP  m (SOO  ft)  ST. 

Max.  Reverse  Thrust*  - 100  PNdb  I'l  IIP  m (100  ft)  SI. 

The  conceptual  flight  design  engine  will  meet  these  same  noise  objectives 
when  Installed  on  a typical  short-h.uil  commercial  aircraft.  The  design  sliall 
also  minimise  the  .aircraft  acoustic  footprint. 


P . P . P Pol  hit  ton 

The  engines  shall  be  designed  to  minimize  exhaust  emissions  of  carbon 
imuioxide  ((’0),  uoburned  hvdrocarbons  (IK'),  oxides  of  nitrogen  (NO^^) , and 
V 1 s I b 1 e smoke . 


P . P . 1 Thrust  to  Weight 

The  full-scale  t'TW  experimental  engine  shall  be  designed  to  meet  the 
lol lowing  thrust  and  thrust-to-welght  objectives; 


Thrust 
Thrust /wt 


Uninstalled 

‘n,408  N 
(PI, 000  Ib) 

7.4 


Installed 

on,p04  N 

(20,300  lb) 

4.7 


*U''‘  Max.  forward  Thrust 
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Hnlnst ailed  thrust  includes  all  en^^ine  internal  pressure  losses  up  to 
the  nozzle  throat;  installed  thrust  includes  additional  losses  due  to  inlet 
ram  recovery. 

Uninstalled  weight  Includes  the  dry  weight  of  all  engine  components  and 
engine  accessories.  Installed  weight  includes  the  following  additions: 

• Inlet  and  inlet  anti-icing  system 

• Exhaust  ducts  and  nozzles 

• Fan  duct  and  splitter 

• Engine  mounts  to  interface  with  aircraft  structure 

• Nozzle  controls  and  hydraulic  system 

• Fire  detection  and  extinguishing  systems 

• Drains,  vents,  and  oil  cooler 

• Instrumentation 

Thrust A<reight  shall  be  representative  of  a flight  engine  design.  This 
shall  Include  analytically  predicted  flight  weight  of  all  boiler  plate  and  non- 
flight design  components. 


2.2.4  Thrust  Reversal 

The  OTW  propulsion  system  shall  provide  the  following  thrust  reversal 
capability: 

• Operation  doxm  to  5.1  m/sec  (10  knots) 

• Max.  forward  to  max.  reverse  thrust  transient  in  less  than 
1.5  seconds 

• At  least  35%  static  takeoff  thrust  in  reverse 

• Noise  levels  as  specified  in  Section  2.2.1 

2*2.5  Engine  Bleed 

The  engines  shall  be  capable  of  safely  providing  up  to  13%  engine  core 
bleed  (not  to  be  demonstrated). 
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2.2.6  Power  Extraction 


The  engines  shall  be  capable  of  supplying  a minimum  of  1640  W/4448  N 
(2.2  horsepower  per  1000  lb)  of  installed  thrust  for  customer  takeoff  power 
(not  to  be  demonstrated). 


2.2.7  Dynamic  Thrust  Response 

The  engine  thrust  response  shall  be  designed  to  meet  an  acceleration 
from  62%  to  95%  thrust  in  one  second  [sea  level  to  1830  m (6000  ft)  altitude]. 


2.2.8  Distortion  Tolerance 

The  engine  shall  be  capable  of  satisfactory  operation  at  inlet  upwash 
angles  of  0 to  50® > with  18  m/sec  (35  knot)  90®  crosswinds. 


2.2.9  Oil  Consumption 

Engine  oil  consumption  shall  not  exceed  0,906  kg/hr  (2  Ib/hr). 


2.2.10  Dumping 

No  fuels  or  lubricants  shall  be  dumped. 


2.2.11  General  Design  Criteria 

In  addition  to  the  specific  objectives  listed  above,  the  experimental 
engine  shall  meet  the  following  general  criteria: 

1.  The  propulsion  system  shall  be  designed  for  ground  static 
and  altitude  chamber  operation. 

2.  The  propulsion  system  shall  be  designed  for  flight  operation 
except  in  specific  areas  where  nonflight  hardware  can  be  used  to 
save  costs. 

3.  Propulsion  system  characteristics,  such  as  temperatures,  specific 
fuel  consumption,  and  overall  pressure  ratio  shall  be  selected  to 
be  appropriate  for  short-haul  commercial  aircraft. 

4.  All  propulsion  system  components  shall  be  designed  for  life  which 
is  compatible  with  expected  commercial  short-haul  operation. 
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Tlio  propulsion  svstem  control  svstem  shall  be  designed  with 
tiigital  logic  and  signal  paths  capable  of  interfacing  with  an 
aircraft  onboard  flight  digital  computer.  The  control  system 
shall  be  designed  to  provide  selectable  programmed  power  manage- 
ment and  failure  indication  and/or  corrective  action  over  the 
entire  propulsion  system  operating  envelope. 

(>.  The  propulsion  system  shall  be  designed  with  the  objective  of 

achieving  high  performance,  but  it  is  not  essential  that  hardx^are 
development  he  carried  to  the  point  where  ultimate  performance  is 
achieved  for  the  experimental  propulsion  system.  The  Contractor 
shall  show  that  his  analvtlcnl  extrapolation  of  performance  data 
to  a fullv  developed  propulsion  system  is  reasonably  accurate,  and 
that  deviations  in  performance  do  not  significantly  affect  acoustic 
or  pollution  characteristics  of  the  experimental  propulsion  systems. 

The  experimental  engine  nacelle  sb  ll  bo  designed  ^^7ith  the  following 
f eatures i 

1.  Internal  aerodynamic  contours  representative  of  the  flight  nacelle 
(except  as  modified  for  commonality  with  hardware). 

Acoustic  treatment  that  is  representative  of  the  flight-type  design. 

1.  All  electrical,  fuel,  oil,  cooling,  fire  detection  and  prevention, 

control , and  itistrumentation  systems  required  to  test  the  propulsion 
syst  ems . 

4.  Convenient  access  for  maintenance. 

The  propulsion  system  shall  be  designed  for  the  following  mainteniince 
feat  un's : 

1.  The  engjne  shall  he  easily  removable  from  the  natv'^lle  without  re- 
iiuiring,  removal  of  the  fan  exhaust  duct. 

Tiio  engine  sliall  be  capable  of  being  trimmed  on  a test  stand  with 
no  addititnial  trimming  retiuired  If  installed  on  an  aircraft. 

Accessories  shall  be  located  for  easy  inspection. 

4.  Access  to  horoscope  ports  shall  be  provided  without  requiring 
removal  of  any  engine  component. 

Anv  projnilsion  svstem  accessory  shall  be  replaceable  in  45  minutes  • 

{^.  Fans  shall  havt'  an  even  number  of  blades  to  permit  replacement  in 

pairs  without  robed ancing.  Bleidos  shall  be  capable  of  rapid  inspec- 
t i i>n  ami  rep  I acement . 

7.  Modular  eonstructlon  is  used  to  facilitate  maintenance. 


* I'xcoption  to  this  ohjoctivo  has  been  taken  in  the  design  of  the  experi- 
mental engine  in  those  areas  where  significant  cost  savings  could  be 
effected  tlirough  utilization  of  existing  accessory  component  hardware. 
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Tile  propulsion  system  shall  be  designed  to  perform  within  the  flight 
maneuver  forces  envelope  per  MTL-K-5007C  data  December  30,  1965,  paragraph 
3.14,  with  the  exception  of  conditions  of  catapult  flight  maneuver  and  pre- 
cession rates. 


2.3  OPEMTINO  REQUIREMENTS 

The  foregoing  specific  objectives  and  general  criteria  are  further  ampli- 
fied by  the  following  propulsion  system  operating  requirements. 


2.3.1  Life  and  Duty  Cycle 

The  engines  shall  be  designed  for  a useful  life  of  36,000  hours  over  a 
15  year  period,  based  on  the  typical  403  km  (250  mile)  mission  cycle  shown  in 
Table  2~T. 


Table  2-1.  Flight  Duty  Cycle. 


Segment 

Altitude 

Mach  No. 

% Pox^7er 

Time 

km 

ft 

Min 

% Time 

Start 

0 

0 

0 

— 

0.5 

1.11 

Tdle-Taxi 

0 

0 

0 

4-20 

3.1 

6.89 

Takeoff 

0 

0 

0.12 

100 

1.22 

2.71 

Cl  imb 
(1st  ses) 

0-3.05 

O-lOK 

128.6  m/sec 
(250  kts)  IAS 

Max. Con t. 

5.0 

11.11 

(2nd  seg) 

3.05-7.63 

10-25K 

154.3  m/s 
(350  kts)  IAS 

Max.Cont. 

5.0 

11.11 

Cruise 

6.41-7.63 

21K-25K 

.70 

Max. Cruise 

14.0 

31.11 

Descent  i 

6.1-0.06 

20K-200ft 

.60 

F.I. 

10.0 

22.22 

Approach 

0.06  ^ 

1 

200  ft 

0.12 

65 

3.0 

6.67 

Reverse  Thrust 

0 

0 

0.12-0 

Max. Rev. 

0.08 

0.18 

Tdle-Taxl 

0 1 

1 

0 

0 

1 

4-20 

3.1 

6.89 

45.00 

100.00 

Cyclic  life  shall  be  based  on  48,000  mission  cycles  plus  1000  ground 
checkout  cycles  to  full  power. 

The  engine  shall  be  capable  of  operation  throughout  the  flight  envelope 
shoTO  in  Figure  2.1.  The  combustor  shall  meet  commercial  relight  requirements 
as  shoxm  on  the  flight  envelope. 
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The  engine  shall  he  capable  of  v^ithstanding  loads  caused  by  seizure  of 
either  rotor  with  deceleration  from  maximum  rpm  to  zero  rpm  in  one  second. 
(Figure  2.2). 


Composite  parts  shall  be  capable  of  withstanding  unbalanced  loads  caused 
by  loss  of  five  adjacent  composite  fan  blades  at  maximum  rpm.  Metal  parts 
shall  be  capable  of  withstanding  loss  of  one  equivalent  metal  blade. 


2.3.2  Flight  Attitudes 

The  engine  shall  be  capable  of  operating  within  the  range  of  flight 
attitudes  sho\>m  in  Figure  2.3. 


2.4  0T\\^  EXPERIMENTAL  PROPULSION  SYSTEM 


The  OTT^  experimental  propulsion  system,  shox^m  in  Figure  2.4,  features: 
a high  Mach  (accelerating)  inlet,  a gear  driven  fan,  a composite  fan  vane- 
frame,  a treated  fan  duct  with  an  acoustic  splitter  ring,  a variable  geometry 
confluent  flow  exhaust  nozzle,  an  advanced  (FlOl)  core  and  lo\^  pressure  tur- 
bine, a treated  core  exhaust,  top-mounted  engine  accessories,  and  a digital 
electronic  control  system. 

The  fundamental  design  criterion  which  established  the  engine  design 
approach  was  the  fan  engine  cycle  required  to  meet  the  noise  objective.  The 
fan  and  core  exhaust  pressure  ratios  were  dictated  by  jet-flap  noise  con- 
straints and  by  the  powered  lift  requirements  of  an  over-the-wing  installation. 

The  fan  is  a low-pressure-ratio  (1.35)*,  low-tip-speed  [350.5  m/sec 
(1150  ft/sec]*  configuration  sized  to  provide  405.5  kg/sec  (894  Ib/sec)*  of  * 
corrected  airflow. 

The  fan  contains  28  titanium  blades  having  an  aerodynamic  contour 
capable  of  conversion  to  composite  material  in  a flight  system.  The  fan  is 
driven  by  the  FlOl  loxi7  pressure  turbine  through  a main  reduction  gear.  The 
reduction  gear  is  an  eight-star  epicyclic  configuration  with  a gear  ratio  of 
2.0617  and  a takeoff  power  rating  of  12,813  kw  (17,183  HP). 

The  fan  frame  is  a flight-weight  composite  structure  containing  integral 
acoustic  treatment,  outer  casing,  containment,  and  fan  tip  treatment.  Thirty- 
three  integral  outlet  guide  vanes  also  act  as  structural  struts.  The  outer 
casing  of  the  frame  provides  both  inner  and  outer  nacelle  flowpaths  and  con- 
tainment for  failed  composite**.  Core  inlet  flowpath  and  mounts  for  the 
forward  bearings,  gears,  radial  drive,  etc.,  are  integrally  provided. 

The  nacelle  components  include  a hybrid  inlet  providing  acoustic  suppres- 
sion by  means  of  a high  throat  Mach  number  (0.79)  and  integral  acoustic  treat- 
ment. The  boilerplate  fan  duct  which  includes  an  acoustic  splitter  and  the 


*Takeoff  power  setting. 

**Flight  engine  design. 
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hoad  factors  and  angular 
velocities  and  accelei’- 
at  ions  should  be  taken 
at  or  about  the  C.G.  of 
the  engine. 

•Side  load  factors  (S.L.) 
act  to  either  side. 

' * * 

6 and  0 are  pitching 
velocity  and  acceleration 

V and  1'  are  yawing 
velocity  and  acceler- 
at  ion, 

Down  loads  occur  during 
pull  out. 

Fore  loads  occur  during 
arrested  landing. 


Landing 

(0  to  Max,  Nonaugment ed 
Thrust) 


Figure  2.4.  OTW  Experimental 


OU'X  FRAME  / 


original  Paqp  , 

^ POOR 


I I 


u 


i I 


xperimental 


Propulsion  System, 


POLDOOT  PRAAfB  X 
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core  cowl  are  hinged  from  the  pylon  to  provide  access  for  engine  maintenance. 
The  core  exhaust  and  plug  are  acoustically  treated  to  reduce  aft-radiated 
noise.  The  "D"  shaped  confluent  flow  exhaust  nozzle  incorporates  side  doors 
to  vary  the  area  from  takeoff  to  cruise.  No  actuation  system  is  provided  for 
the  experimental  engine,  so  that  exhaust  areas  must  be  preset  before  starting 
the  engine.  A blocker-type  thrust  reverser  is  integral  with  the  nozzle  and 
can  be  manually  preset  to  the  reverse  thrust  position  for  testing. 

Engine  fuel  flow  is  controlled  by  a full-authority  digital  electronic  con- 
trol which  schedules  core  stators  and  provides  starting,  acceleration,  and 
deceleration  schedules.  Major  engine  accessories  are  mounted  on  a boilerplate 
gearbox  on  top  of  the  fan  frame.  This  accessory  package  is  common  with  that 
of  the  UTN  engine,  requiring  that  the  OTW  engine  be  tested  in  an  inverted 
position  relative  to  an  aircraft  installation. 

All  experimental  engine  components  have  been  designed  to  meet  the  engine 
life  and  operating  requirements  defined  in  Section  2.3. 

The  OTW  experimental  propulsion  system  is  designed  to  provide  93,408  N 
(21,000  lb)  of  uninstalled  thrust  and  90,294  N (20,300  lb)  of  installed  thrust 
at  takeoff  on  a 305.6®  K (90®  F)  day.  Analysis  indicates  that,  when  scaled 
in  accordance  with  the  specified  ground  rules,  the  engine  will  meet  all  of  the 
program  noise  objectives. 


2.5  OTW  FLIGHT  PROPULSION  SYSTEM 


The  0TT7  flight  propulsion  system  cross  section  is  shown  in  Figure  2.5. 
Comparing  Figure  2.5  with  Figure  2.4,  it  will  be  noted  that  the  major  config- 
urational difference  between  the  flight  and  experimental  propulsion  systems 
is  the  nozzle  and  accessory  orientation.  Also  the  fan  duct  is  modified 
and  an  acoustic  splitter  is  added  to  satisfy  the  experimental  engine  noise 
goal  and  to  utilize  common  UTI^  hardware.  The  noise  goal  for  the  experimental 
engine  is  based  on  a 609.6  m (2000  ft)  takeoff,  while  the  acoustic  design  of 
the  flight  propulsion  system  is  based  on  a noise  goal  set  for  a 914.4  m 
(3000  ft)  takeoff. 

Structural  component  differences  are  also  in  the  areas  of  the  turbine 
rear  frame  and  core  nozzle.  The  experimental  engine  utilizes  a modified  FlOl 
rear  frame,  while  the  flight  engine  configuration  is  based  on  an  optimized 
flightxi/eight  design.  The  core  nozzle  of  the  experimental  engine  is  a non- 
coated  boilerplate  derlgn  to  minimize  cost. 

Other  differences  between  the  two  configurations  are  primarily  in  the 
areas  of  material  substitutions  and  utilization  of  existing  accessory  compo- 
nents in  the  experimental  engine  to  minimize  program  cost.  For  example,  the 
experimental  engine  uses  steel  rather  than  titanium  for  fan  shafting,  reduction 
gear  carrier,  and  bearing  support  cones.  Cost  savings  in  the  accessory  area 
are  based  on  utilization  of  an  available  oil  tank,  heat  exchanger,  pumps, 
filters,  etCc , which  would  be  optimized  in  the  flight  engine.  Several  changes 
in  the  core  also  have  been  considered,  consistent  with  the  lower  cycle  com- 
pressor discharge  pressure. 
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The  rify\lu  prtM^ulnion  Hvstem  also  Inohulos:  an  inlet  antl-loing  provision 

which  is  mU  InclucKnl  in  the  exper imcMltal  HVHtem  inlet,  a flight-type  fire 
detect  ion  and  extinguishing  svstom  in  place  of  a facilitv  svstem,  and  a 
douMe-Wiill  I ue I system.  The  flight  system  also  would  include  the  necessary 
bleetl  mauiti'lding  fi^r  cabin  air  conditioning  and  for  high  lift  systems 
risiuiring.  engine  Meed  air. 

The  exper imt'nt al  OTO  engint'  is  ton  nu>untml  from  a pvli^n  similar  to  the 
PTU*  engine,  ’I‘he  flight  engine  would  be  trunnion  mounted  from  a structural 
arch  extending  f<^rward  from  tlio  wing  box  sect  ion.  Rv  opening  the  bypass  duct 
and  eore  eowl , the  engine  and  inlet  can  he  removed  from  tlie  pvlon  in  the  do\m- 
warti  ilireetii>n. 

Analyses  condiu'ted  to  date  imlicate  that  the  uninstallt'd  thrust/weight 
oi  the  flight  engine  will  he  within  3T.  i^f  meeting  the  pri'‘gram  goal  of  7.4, 
and  tliat  the  installed  (total  propulsion  system)  thrust /weight  will  meet  the 
program  goal  of  4.7. 
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SECTION  3.0 


ACOUSTIC  DESIGN 


3.  1 SU>CIARY 

The  preliminary  acoustic  design  (Reference  1 and  2)  of  the  OTW  engine 
del inecl  a configuration  which  meets  the  takeoff,  approach,  and  reverse  thrust 
noise  goals.  Table  3-1  summarizes  the  current  system  noise  levels  at  the 
three  design  points. 


Table  3-1.  Summary  of  OTW  Noise  Levels  at  152  m (500  ft) 
Sideline. 

• 90, 000- lb  thrust 

• 4 engines 


EPNdB 


Requirement 

Current  Estimates 

Takeoff 

9‘) 

95 

Approach 

95 

90.6 

Reverse  Thrust 

100 

100 

The  noise  levels  have  been  obtained  by  estimating  unsuppressed  noise 
from  existing  test  data  of  similar  fan  and  core  configurations,  analytically 
suppressing  the  dominant  engine  noise  sources  with  the  advanced  technology 
concepts  to  be  developed  under  the  QCSEE  program,  and  extrapolating  these 
levels  to  inflight  conditions.  Jet/flap  noise  was  added  to  the  engine  noise 
levels  to  obtain  total  system  or  aircraft  noise  levels. 

The  preliminary  acoustic  design  effort  has  attempted  to  establish  OTW 
engine  configurations  which  have  balanced  suppression  in  the  fan  inlet,  fan 
exhaust,  and  core.  To  establish  the  balanced  system  suppression,  detailed 
predictions  have  been  made  for  these  10  different  noise  sources: 


1. 

Fan  inlet 

6 . 

Gears 

2 . 

Fan  exhaust 

7. 

Flow 

3. 

Turbine 

8. 

Struts 

4. 

Combustor 

9. 

Splitter 

5. 

Compressor 

10. 

Jet /Flap 

By  predicting  the  noise  levels  of  the  various  sources  which  could  represent 
noise  floors,  the  required  treatment  can  be  determined  and  applied  to  the 
engine  only  to  the  extent  which  is  beneficial  to  the  total  system. 
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Figure  8Uimnari:'os  Iho  main  acoustic  features  of  the  OTW  engine.  A 
high  throat  Macli  number  inlet  (0.7^))  is  used  to  suppress  inlet  noise  at 
takeoti  and  revei\se  thrust.  Inlet  v^mll  treatment  having  a length  equal  to 
0.7A  Um  diameters  is  added  to  provide  suppression  at  approach.  Ttie  rotor- 
stator  ciMublnation  has  a 1.9  3 rotor  tip  chord  spacing  and  a vane/blade  ratio 
ol  1.18.  Tiu'  vane/blade  ratio  is  lower  than  would  normally  be  selected  for 
minimum  noise  gi'neration;  however,  the  vane  row  is  the  same  as  that  used  on 
the  IJTW  tuigine  (V/B  - 1.83).  The  effect  of  low  V/B  ratio  on  the  OTW  engine 
is  somewhat  offset  bv  the  large  spacing.  Fan  exhaust  suppression  utilizes 
inner  and  outer  v^?all  treatment  with  varying  thickness  to  obtain  increased 
suppression  bandwidth.  A 7b. 2 cm  (30  inch)  splitter  is  employed  to  obtain 
the  required  suppression  level.  A major  concern  in  the  aft  duct  is  noise 
generated  by  i low  iwer  the  treated  surfaces,  struts,  and  splitter.  To  keep 
these  sources  below  the  suppressed  fan  noise,  the  average  duct  Mach  number  is 
limited  to  0.47  over  the  splitter.  Core  suppression  utilizes  a low  frequency 
design  for  combustor  noise  reduction  with  thinner  treated  panels  on  the  inner 
and  outer  walls  to  reduce  the  high  frequency  turbine  noise.  Treatment  also 
is  applied  in  the  core  inlet  to  reduce  forward-radiated  compressor  noise. 


3 . 2 i)Fsk;n  ri>:quii^>ments 

The  noise  recjuiroments  for  the  OTW  engine  are  specified  as  a total  system 
or  aircrait  noise  level  at  the  operating  conditions  associated  with  takeoff 
and  appriKich  opei'atiou.  Reverse  tlirust  requircmeuts  also  are  specified  for 
static  viircraft  conditions.  Tliese  are  sho\m  graphically  on  Figure  3.2. 

The  takeoff  noise  requirement  is  95  ITNdB  on  a 152  m (500  ft)  sideline 
with  the  aircraft  at  a 61.0  ui  (200  ft)  altitude  and  the  engines  at  100% 
thrust.  Takeoff  flap  angle  vand  aircraft  speed  are  given  in  Table  3-II.  Also 
sl\o\m  in  Table  3-1  I are  inlet  angle  of  attack  and  upwasli  angles  which  must  be 
accounted  tor  witli  regard  to  fan  inlet  noise  generation  and  liigli  Mcich  inlet 
suppress i mi. 

At  approacl)  the  noise  requirement  is  the  same  as  at  takeoff,  but  the 
engine  is  operated  at  bSr^  thrust.  Flap  angles,  defined  in  Table  3-1 1,  how- 
ever, are  increasoil  for  the  powered  lift  approach. 

Reva^rse  thrust  noise  is  limited  to  100  PNdB  at  a iworse  thrust  equiva- 
lent to  3bZ  of  takeoff  thrust  with  the  aircraft  static.  For  the  OTW  engine, 
this  tlirust  level  is  aecompl i shed  by  operating  the  engine  at  100%  speed,  thus 
providing  engine  noise  and  suppression  equivalent  to  takeoff.  Due  to  the 
reverser,  however,  the  aft  noise  is  redirected  into  the  forward  quadrant. 

Since  the  engine  noise  levels  will  be  measured  only  during  static 
testing,  a procedure  for  determining  in-flight  EPNdB  levels  fi’om  static  data 
has  been  established  as  part  of  the  contract.  This  procedure.  Appendix  A 
ol  Reference  2,  establishes  the  following: 
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Figure  3.1.  QCSEE  OTW  Engine  - Acoustic  Treatment  Schemati 


1.  Jot/flap  noise  calculation  procedure 

2.  Extrapolation  procedures 
Doppler  shift  correction 

4.  Dynamic  effect  correction 

In-fllglit  clean-up  and  upwash  angle  correction 
h.  Relative  velocity  correction  for  jet/flap  noise 

7.  Fuselage  shielding  and  wing  shielding 

8.  PNdB  to  EPNdB  calculation 

This  procedure  has  been  used  in  all  noise  estimates  for  the  OTW  engine. 


K 1 SYSTEM  ACOUSTIC  DESKiN  CONS IDERi\T10NS 

Many  features  of  the  OTW  engine  designs  have  been  selected  based  on  the 
low  system  noise  requirements  for  a 100,080  N (22,500  lb)  thrust  engine 
installed  in  an  over-the-wing  configuration.  Tiie  two  major  noise  sources 
I'onsidered  were  the  fan  noise  and  the  jet/flap  noise.  Fon>^ard-radiated  fan 
noise  is  primarily  a function  of  fan  tip  speed.  Fan  noise  in  the  inlet 
quadrant  can  be  reduced  witli  lower  tip  speed,  and  tip  speeds  lower  than 
30()  m/st'c  (1200  ft/sec)  avoid  the  increased  noise  levels  due  to  the  multiple 
pure  tones  associated  with  supersonic-tip-speed  fans.  The  lowest  tip  speed, 
350  m/sec  (1150  ft/sec),  consistent  with  the  fan  pressure  ratio  and  engine 
cycle  requirements  was  therefore  selected  for  the  OTW  fan. 

Aft-radiated  fan  noise  levels  have  been  correlated  primarily  with  fan 
pressure  ratio.  In  addition  to  controlling  aft  fan  noise,  the  fan  pressure 
ratio  also  determines  the  fan  Jet  velocity.  Since  tlie  jet/flap  noise  is 
proportional  to  the  velocity  to  the  sixth  power,  low  fan  pressure  ratios 
result  in  rapidly  reduced  aft  system  noise  levels.  Since  aft-generated  fan 
noise  can  be  suppressed  with  acoustic  treatment,  the  fan-pressure  ratio  was 
selected  primarily  based  on  the  need  to  achieve  low  levels  of  jet/flap  noise. 
Since  the  OTW  design  provides  some  wing  sliielding  of  jet/flap  noise,  the 
selected  prossui^^  ratio  was  slightly  higher  than  that  acceptable  for  the 
UTW  designs. 


The  UTW  engine  roLor-OOtV  spacing  of  1.5  rotor  chords  was  selected  in 
order  to  reduce  fan  source  noise  levels  and  minimize  the  need  for  splitters 
in  the  fan  inlet  and  exhaust.  Wider  rotor-OGV  spacing  would  produce  addi- 
tional reduction  which  also  can  he  achieved  with  a lengthened  exhaust  split- 
ter; the  latter  produces  a smaller  weiglit  increase  than  the  frame  length 
required  for  additional  spacing.  Since  the  OTW  engine  uses  the  same  frame  as 
the  UTW,  the  axial  spacing  was  fixed.  With  the  shorter  chord  blades,  the  spac- 
ing ratio  increased  to  1.93.  This  increased  spacing  ratio  and,  hence,  lower 
source  noise  was  offset  by  a nonoptimum  vane/blade  ratio  for  the  OTW  which 
resulted  from  using  the  conunon  vane  frame.  For  the  UTW  engine,  a vane/blade 
ratio  of  1.83  was  selected  to  minimize  the  fan  tone  second  harmonic  level 
which  makes  a largo  contribution  to  the  perceived  noise  levels.  This  ratio 
lor  the  OTW  becomes  1.18  due  to  the  larger  number  of  fan  blades. 
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Tabic*  3-111  shows  the  major  design  features  in  the  OTW  design  which 
impact  tlie  projected  noise  levels.  The  engine  system  trades  discussed  above 
liave  produced  an  engine  preliminary  design  v;hich  meets  the  noise  goals  of  the 
program  as  well  as  the  performance  and  thrust-to-weight  requirements. 


Table  3-111.  QCSEE  OTW  Design  Parameters  (Takeoff). 


Number  of  fan  blades 
Fan  diameter,  cm  (inches) 

Fan  pressure  ratio 
Fan  rpm 

Fan  tip  speed,  m/sec  (ft/sec) 

Number  of  OGV's 

Fan  weight  flow  (corrected) , kg/sec  (Ib/sec) 
Inlet  Mach  number  (throat) 

Rotor/OGV  spacing 

Inlet  treatment  length/fan  diameter 

2 2 

Effective  exhaust  area,  m (in.  ) 

Gross  thrust  (uninstalled),  KN  (lb) 

Blade  passing  frequency,  Hz 
Vane/blade  ratio 

Exhaust  weight  flow,  kg/sec  (Ib/sec) 

Exhaust  velocity,  m/sec  (ft/sec) 
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180.4  (71) 
1.34 

3778 

350.5  (1150) 
33 

405.5  (894) 
0.79 

1.93 

0.74 

1.747  (2708) 
93.4  (21,000) 
1760 
1.179 

402.3  (886.8) 
230.7  (757.0) 


3.4  NOISE  COMPONENTS 


Details  of  the  critical  noise  sources  were  presented  in  the  Preliminary 
Design  Report  (PDR) . The  following  gives  updated  levels  which  are  based  on 
the  data  and  prediction  procedures  previously  discussed. 
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3.4. 1 Takooff  Noise 

Noiso  levels  lor  tl\e  OTW  onciue  at  Lakoolf  are  shown  on  Figure  3.3  in  bar 
chart  lorm.  Unsuppressed  noise  is  dominated  by  the  fan  in  the  forward  and 
alt  (luadrauts.  Siippressed  noise  levels  are  balanced  between  the  fan  and 
jt»l/nap  noise  in  the  forward  and  aft  quadrants^  Forward  quadrant  noise  is 
higher  than  the  aft  for  the  suppressed  conf igux'ation. 

The  constituent  levels  shown  are  at  the  angle  of  maximum  noise  for  the 
suppressed  engine;  thus,  in  the  fon>7ard  quadrant,  1.57  radians  (90°)  is 
selected,  since  the  total  of  the  dominant  sources  (jet/flap  and  fan  inlet 
noise)  are  a maximum  at  that  angle.  This  comparison  shows  that  the  takeoff 
mvise  is  more  sensitive  to  fan  inlet  noise  than  aft  noise. 

Uear  noise  and  compressor  noise  are  not  shown  as  they  were  not  contri- 
bating  noise  sources. 


Approach  Noise 

To  obtain  65%  thrust  at  approach,  the  OTW  engine  is  operated  at  82%  fan 
speed. 


The  approach  noise  constituents  are  shown  on  Figure  3.4.  Jet/flap  and 
fan  inlet  noise  in  the  forward  quadrant  are  the  dominant  sources  for  the 
suppressed  levels  with  fan  exhaust  and  aft  jet/flap  noise  approximately  5 
PNdB  lower.  Unsuppressed,  the  fan  forward  and  aft  noise  are  dominant. 
Additional  approach  noise  reductions  would  require  noz5^-le  area  variation  to 
reduce  tiu'  Jet/flap  noise  by  reducing  the  exhaust  velocity. 


3.4.3  Reverse  Thrust  Noise 

The  predicted  noise  constituents  for  the  OTW  engine  operating  in  the 
reverse  thrust  mode  are  given  in  Figure  3.5.  The  constituents  are  at  a 
152.4  m (500  ft)  sideline  at  takeoff  fan  speed  with  a corresponding  thrust 
level  at  35  percent  of  the  engine  rated  thrust  in  rhe  forward  mode  at  take- 
off power.  Tlie  major  noise  source  in  reverse  thrust  is  the  reverser  jet 
noise  and  the  fan  inlet  noise  in  the  forward  quadrant.  Due  to  a redirection 
of  tlie  exhaust  flow,  the  fan  exhaust  noise  also  is  sho\TO  in  the  fon^ard 
((uadrant.  As  with  takeoff,  the  fan  inlet  suppression  is  critical  to  meeting 
the  noise  goal. 


3 . 3 COMPONENT  DESIGN 

This  section  provides  the  acoustic  design  approach  selected  for  each 
engine  noise  source  and  the  design  status.  These  suppression  techniques 
were  selected  for  detailed  study  as  part  of  the  acoustic  design  development 
programs  and  were  based  on  studies  conducted  after  the  PDR.  In  several 
cases  the  design  approach  is  the  same  ac  that  presented  in  the  PDR,  but  ad- 
ditional substantiating  data  were  obtained  to  confirm  the  earlier  selections. 
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• EPNclB  = 95.0  (Status)  • 100,080  X (22,500  lb)  Installed  Thrust 

• 152.4  m (500  ft)  Sideline  • Shaded  Area  = Suppression 

110  f—  61.0  m (200  ft)  Altitude 
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Figure  3.3.  OTW  Takeoff  Noise  Constituents 


Since  the  PDR,  the  following  have  been  completed: 

!•  Vane/blade  ratio  selected 

2.  Rotor/stator  spacing  selected 

3.  Treated  vane-frame  defined 

4.  Fan  inlet  threat  Mach  number  selected 

5.  Fan  inlet  length  defined 

6.  Exhaust  splitter  length  selected 

7.  Aft  duct  Mach  number  distribution  defined 

8.  Core  nozzle  treatment  defined 

9.  Core  compressor  inlet  treatment  defined 


A detailed  discussion  of  the  data  and  analyses  used  to  establish  the 
above  follows. 


3.5.1  Fan  Inlet  Design 

The  accelerating  inlet.  Figure  3.6,  has  been  selected  as  the  primary 
design.  This  inlet  provides  suppression  at  takeoff  and  reverse  thrust  with 
a 0.79  throat  Mach  number  plus  wall  treatment.  At  approach,  suppression  is 
obtained  by  the  use  of  wall  treatment. 

Tests  have  been  completed  on  a scale  model,  20  inch-diameter  UTW  fan 
with  an  accelerating  inlet.  Results  of  these  tests  are  shoxjn  in  Figure  3.7. 
With  wall  treatment,  the  inlet  provided  13  PNdB  reduction  and  met  the  sup- 
pression goal.  These  data,  applied  to  the  OTW  engine,  also  showed  13  PNdB 
reduction.  The  resulting  spectra  are  shown  on  Figure  3.8. 

The  aerodynamic  lines  for  the  accelerating  inlet  have  been  selected  as 
a result  of  30.40  cm  (12  in.)  inlet  tests  at  the  NASA-Lewis  9 x 15  Wind 
Tunnel.  During  these  tests,  noise  data  were  obtained  with  the  accelerating 
inlet  operating  at  0.79  throat  Mach  number  and  various  angles  of  attack. 
These  data.  Figure  3.9,  show  the  inlet  to  be  acoustically  insensitive  to 
angle  of  attack. 


3.5.2  Fan  Exhaust  Design 


Several  design  techniques  have  been  used  to  establish  13.8  PNdB  aft  fan 
noise  reduction,  These  are: 

1.  Phased  wall  treatment 

2.  Acoustic  splitter 

3.  Rotor  - OGV  treatment 

4.  Flow  noise  floor  definition 

5.  Treated  vane  row 

Tlie  aft  duct  design  is  shown  in  Figure  3.10 
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• REVERSE  THRUST 


Figure  3.6.  OTW  Inlet  Noise  Reduction  Concepts 


Figure  3.11  shows  the  unsuppressed  and  suppressed  aft  fan  noise  spectrum. 

As  seen  by  the  spectra,  the  suppression  occurs  over  a very  wide  frequency 
range  and  results  in  a noy-weighted  spectra  (also  shown)  which  is  very  flat 
from  500  to  6300  Hz.  Tliis  is  the  basic  problem  in  designing  for  large  suppres- 
sion levels  and  the  reason  for  varying  treatment  depths  to  obtain  increased 
suppression  bandwidth. 

Cold  flow  duct  test  results  had  shown  an  interaction  or  phasing  effect 
which  increased  suppression  bandwidtli  when  treatment  panels  were  arranged  with 
varying  thickness.  Tlie  suppression  obtained  was  greater  than  that  expected 
from  the  sununation  of  the  individual  panel  suppressions.  Tlie  concept  was 
investigated  using  a 50.8  cm  (20  in.)  diameter  low-tip-speed  fan  (NASA  Rotor  55) 
in  the  (General  Electric  Anechoic  Chamber  beginning  October  1974.  These  data 
(Figure  3.12  show  a slightly  increased  high  frequency  suppression  relative 
to  normal  prediction  values.  Tliese  results  are  being  incorporated  into  the 
OTW  design. 

Rotor  OGV  treatment  was  applied  to  the  OTW  engine  to  reduce  the  BPF 
tone  since  the  aft  duct  treatment  was  designed  to  reduce  the  higher  frequen- 
cies. Tills  type  of  treatment  also  \^as  tested  on  the  50.8  cm  (20  in.) 
diameter  fan  and  showed  broadband  suppression  as  well  as  tone  reduction 
(Figure  3.13). 

Flow  noise  generated  by  air  passing  over  the  treated  surfaces  (the 
splitter  and  the  support  struts)  represents  a floor  which  limits  the  amount 
of  suppression  attainable  in  the  aft  duct.  Tlie  50.8  cm  (20  in.)  Rotor  55  was 
tested  with  nominal  and  open  nozzles  to  vary  duct  Mach  number  for  a configura- 
tion having  an  acoustic  splitter.  These  results  are  sho\m  on  Figure  3.14.  For 
a change  in  Mach  number  from  0.465  to  0.515,  the  aft  suppression  did  not  vary, 
indicating  that  a noise  floor  had  not  been  reached  at  0.515  Mach  number.  Tlie 
engine  aft  duct  flow  lines  have  been  selected  to  provide  an  average  Mach 
number  of  only  0.45,  thus  no  flow  noise  limitation  is  expected  on  the  engine. 

A treated  OGV  is  shoxim  on  Figure  3.10,  however,  no  credit  has  been 
taken  for  suppression  due  to  this  treatment.  During  the  engine  testing  the 
suppression  benefit  of  the  treated  OGV  will  be  evaluated. 


3.5.3  Core  Exhaust  Design 

Prediction  of  low  frequency  combustor  noise  had  been  based  on  data 
correlations  from  various  engine  tests.  In  order  to  check  these  predictions, 
core  noise  measurements  were  obtained  on  an  FlOl  engine  which  uses  the  QCSEE 
core.  Figure  3.15  shows  the  test  configuration  and  the  location  of  the 
acoustic  probe  in  the  core  nozzle.  Far-field  measurements  also  were  obtained 
during  the  test.  Figure  3.16  is  a comparison  of  far-field  levels  as  a func- 
tion of  jet  velocity  or  engine  power  setting.  At  higher  power  settings,  jet 
noise  is  the  dominant  source  at  400  Hz;  but,  as  power  is  reduced,  the  jet 
noise  decays  at  a V^^  rate  and  the  combustor  noise  becomes  dominant.  Tliis  is 
indicated  by  the  break  or  flattening  of  the  predicted  total  noise.  Other 
sources  may  be  influencing  the  400  Hz  level  in  the  far  field;  thus,  the 
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absolute  level  is  not  significant;  it  is  significant,  however,  that  the 
[)rediction  procedure  is  not  underpredicting  the  absolute  level. 

Probe  data,  which  are  not  influenced  by  other  sources,  also  agreed  well 
with  the  predicted  levels  (Figure  3.17)  on  an  absolute  level  basis. 

Figure  3.18  shows  the  core  suppressor  design  selected  for  the  OTW 
engine.  This  design  incorporates  stacked  treatment  which  has  high  frequency 
turbine  suppression  panels  placed  over  deeper,  low  frequency  combustor  noise 
suppression  panels.  Hot  duct  tests  were  conducted  to  evaluate  the  design, 
and  the  results  are  shown  on  Figure  3.18  relative  to  predicted  levels. 

Table  3-IV  compares  the  resulting  PNdB  reductions.  Both  the  turbine  and 
combustor  suppression  objectives  are  exceeded  by  the  design. 


Table  3-IV.  QCSEE  OTW  Core  Suppression  APNdB. 

Design  Requirement  Component  Test  Data 

Combustor  4.6  5.1 

Turbine  5.0  9.8 

Based  on  these  data,  it  was  concluded  that  the  predicted  levels  were 
attainable  and,  with  development  of  the  suppressor  concept,  the  core  noise 
level  would  be  accounted  for. 


3.6  SYSTEM  NOISE  LEVELS 

The  primary  constituents  in  the  acoustic  design  are: 

• Fan  inlet  noise 

• Fan  exhaust  noise 

• Core  noise 

Each  has  a significant  development  program  defined  to  arrive  at  the 
design  objectives.  The  levels  for  these  three  noise  sources  involve  both 
unsuppressed  noise  estimates  and  suppression  estimates.  If  either  or  both  are 
different  than  the  current  evaluation,  there  will  be  an  impact  on  the  system 
EPNdB. 

Figure  3.19  is  a carpet  plot  showing  variations  in  the  suppression 
level  for  fan  inlet  and  fan  exhaust  noise.  The  variation  in  suppression  shown 
on  the  figures  also  can  be  interpreted  as  a variation  in  the  unsuppressed 
levels  with  constant  suppression.  The  OTW  design  is  more  sensitive  to  inlet 
noise  variation  than  aft  noise.  A change  of  3 PNdB  in  inlet  noise  would 
increase  the  system  levels  from  95  to  96.3  EPNdB,  while  a 3 PNdB  change  in 
aft  noise  would  result  in  only  95.2  EPNdB. 


‘12 


Hz  Xari'O’Aband 
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I'inuiv  1.20  ^ivi's  the  lootpriut  or  contour  plot  for  the  OTW  system. 

Tlie  takool f footprint  is  slightly  larger  than  at  approach,  due  to  the  in- 
creased Jet /flap  noise.  The  total  90  EPNdB  footprint  area  is  only  17.9  km^ 
(,4-'tA  acres). 
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SECTION  4.0 


OTW  EMISSIONS  CONTROL 


4.1  SMMARY 


The  objective  of  the  OTW  combustor  design  program  was  to  select  a clean 
combustion  system  for  the  OTI'J  engine  based  on  available  components  and  com- 
bustion technology  being  developed  under  other  concurrent  component  develop- 
ment and  technology  programs. 

The  FlOl  PFRT  combustor,  selected  for  the  OTI^J  engine,  is  an  advanced 
combustor  design  that  has  demonstrated  excellent  performance  characteristics 
and  favorable  pollutant  emissions  characteristics  in  development  tests  of  the 
FlOl  and  CFM56  engines.  A consideration  in  the  selection  of  the  PFRT  con- 
figuration was  the  readily  available  hardware  and  vast  amount  of  development 
experience  associated  with  this  design. 

CxHy,  CO,  and  N0x>  and  smoke  emission  level  predictions  have  been  prepared 
for  the  OTW  engine  based  on  recent  data  from  a QCSEE  OTW  component  test  with 
a FlOl  PFRT  combustor.  These  estimates  indicate  that  the  OT\*J  engine  will  meet 
the  contract  goals  for  smoke  and  NOx  emissions  with  the  use  of  an  unmodified 
FlOl  PFRT  combustor.  However,  because  of  the  relatively  low  cycle  pressure 
ratio  of  the  OTW  engine,  its  predicted  C^^Hy  and  CO  emissions  levels  will 
exceed  the  goals.  Methods  of  reducing  the  levels  of  these  two  emissions  cate- 
gories are  being  investigated.  Several  approaches  for  obtaining  these  reduc- 
tions in  the  OTW  engine  have  been  identified  based  on  the  results  of  emissions 
control  technology  development  programs  currently  unden^ay  at  General  Electric, 
including  the  NASA  Experimental  Clean  Combustor  Program.  These  approaches 
involve  modifications  of  the  operating  conditions  within  the  combustor  at 
engine  idle  power,  since  virtually  all  of  the  CxHy  and  CO  emissions  are  pro- 
duced in  this  engine  operating  mode.  These  approaches  are: 

• Increased  compressor  discharge  pressure  (CDP)  bleed  air  extraction 
at  idle 

• Circumferential  sector  fuel  staging  at  idle 

Both  of  these  operational  approaches  were  simulated  in  development  tests 
of  the  OCSKE  OTI^f  combustor  to  evaluate  their  application  to  the  QCSEE  OH'/ 
engine  program.  The  results  of  these  tests  indicated  that  sector  fuel  staging 
and  compressor  discharge  bleed  both  provide  significant  reductions  in  CO  and 
C^hy  emissions  levels.  Since  the  QCSEE  OTW  engine  is  not  currently  configured 
for  compressor  discharge  bleed,  it  is  planned  to  utilize  only  sector  fuel 
staging  at  idle. 

Based  on  these  development  test  data,  which  are  in  fair  agreement  with 
previously  obtained  engine  data,  either  of  these  operational  approaches 
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appoars  to  he  suitable  for  use  fn  ati  fl  l^^ht  enpjne  without  compromising 
anv  other  combustor  performance  requirements.  Application  of  sector  fuel 
staging  in  the  OTw  experimental  engine  is  expected  to  provide  reductions  In  CO 
and  emission  levels.  However,  tlie  resulting  and  C^Hy  emission  levels 

will  exceed  the  program  goal  for  these  emission  categories. 

Although  tlie  TFRT  combustor  will  be  used  In  the  OTK  engine  tests,  addi- 
tional work  is  under  consideration  v^hlch  would  Involve  applying  advanced 
emission  reduction  technology  from  the  NASA-CK  Clean  Combustor  program  to 
develop  a new  Double  Annular  Dome  Combustor  for  QCSKK.  This  combustor  develop- 
ment will  be  conducted  in  a sector  test  rig  and  will  concentrate  on  reducing 
idle  emissions  to  meet  the  program  goals.  This  technology  can  then  be  applied 
to  a new  annular  combustor  design  for  the  QCSFF  OTIC  engine  which  would  be 
expected  to  meet  all  the  program  goals. 


4.2  FXHAUST  EMISSIONS  DFSTON  GOALS 


The  goal  maximum  emissions  levels  to  ho  demonstrated  with  the  OTO  engine 
are  consistent  with  the  Fnvironmental-Protect ion-Agoncy-def ined  (ITA)  emis- 
sions stanilards,  which  become  effective  January  1,  for  Class  T2  aircraft 

turbine  engines.  Engines  in  this  EFA-definod  category  are  all  engines  with  a 
rated  thrust  of  ^'>,580  N (8,000  lb)  or  greater.  These  standards  set  maximum 
limits  on  the  quantities  of  CxHy,  CO,  NO^,  and  smoke  emissions  that  can  he 
discharged  bv  engines. 

Tlie  (Mass  T2  engine  standards  in  the  three  categories  of  gaseous  emissions 
are  shouTi  in  Talkie  4-1.  The  standards  are  defined  in  terms  of  pounds  of  emis- 
sion per  1000-pound  thrust-hours  for  a prescribed  takeof f/landing  mission  cycle. 
This  prescribed  cycle  is  shown  in  Table  4-Tl,  The  infi'ut  of  these  standards  is 
to  limit  the  quantities  of  these  exhaust  constituents  that  can% be  discharged 
within  and  around  airports. 

The  smoke  standards  are  expressed  in  terms  of  the  SAl*  AR?  117^^  Smoke 
Number,  ‘fhe  maximum  allowable  smoke  iTumber  is  dependent  on  rated  engine  thrust, 
tis  shown  in  I'igure  4.1.  For  the  OTIC  engine,  the  smoke  number  standard  is  22. 
Also  shoum  in  Figure  4.1  are  tlie  stiindards  for  sevoral  othor  General  Electric 
commer c i a 1 eng i no  s . 


4.1  SELECTED  COMbUST(Hl  Dl'SK^N 


I’ho  FlOl  PERT  engine  combustor  will  bo  used  in  the  OTIC  engine.  A cross 
section  of  this  combustor  design  is  presented  in  Figure  4.2, 

I'he  FlOl  PERT  combustor  is  an  advanced,  short-length  configuration  win  eh 
features  the  use  of  a unique  airblast-type  fuel  introduction  and  atoml^^ation 
tlesign  approacli.  In  this  combustor  design,  the  dome  comprises  20  carbureting 
sswirl  cups.  Fuel  is  supplied  to  each  of  these  swirl  cups  at  low  pressure  by 
means  of  a simple,  open-end  fuel  delivery  tube.  The  carbureting  swirl  cups 
have  three  stages  through  xMiieh  air  is  introduced  and  mixed  with  the  fuel, 
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Tablo  4-i.  HPA  (iaseous  Emissions  Standards  for  Class  T2  Engines 


CASEOUS  EMISSIONS  (C^Hy,  CO,  and  NO^) 

• Earliest  effective  date  - January  1,  1^79 

• Elrm  standards  for  engines  newly  manufactured  on  or  after  1/1/79: 


Emissions  index  expressed  as: 
thrust--hours  for  a prescribed 

pounds  emissions  per  1000-pound 
cycle 

OC 

o 

Cf) 

4.3 

NO^ 

3.0 

Table  4-TT.  EPA  Gaseous  Emissions  Standards,  Turbojets  and  Turbofans. 

• EPA  index  expressed  as:  pounds  emissions  per  1000-pound  thrust- 

hours  for  a prescribed  cycle 


Prescribed 

cycle  for  Class 

T2  engines: 

Mode 

% Tower 

Time,  Minutes 

Taxi“idle 

Ground  idle 

19.0 

Takeoff 

100 

0.7 

Climbout 

85 

2.2 

Approach 

30 

4.0 

Taxi-idle 

Ground  idle 

7.0 

50 


Figu 


is  showi  in  Figure  4.3.  Tn  the  first  stage,  tlie  fviel  Is  prefixed  in  a scroll 
device  with  a small  annumt  of  the  combustor  airflow,  upstream  of  the  flow 
areas  that  meter  the  airflow  into  the  primary  combustion  zone  (dome)  of  the 
combuslor.  Additional  airflow  is  introduced  through  the  primary  air  swirler 
which  further  energizes  the  fuel-air  mixture  and  carries  it  to  the  primary 
cup  exit.  At  this  point,  the  secondary  air  swirler  introduces  air  which 
rotates  in  a direction  opposite  to  that  of  air  from  the  primary  swirler*  Fuel 
leaving  the  do\cnstream  edge  of  the  primary  cup  venturi  enters  the  shear  region 
created  by  the  mixing  boundaries  of  the  counterrotating  flows,  and  the  high 
aerodynamic  shear  stress  imposed  on  the  fuel  produces  vei'y  fine  atomization 
and  highly  effective  fuel-air  mixing  over  wide  ranges  of  combustor  operating 
oondit ions. 

With  these  excellent  atomization  and  mixing  capabilities,  very-short-length 
combustor  designs  are  possible.  Accordingly,  the  FlOl  PFRT  combustor  is  a com- 
pact design  with  very  short  length  compared  to  other  current  technology  turbo- 
fan engine  combustors.  Its  very  short  overall  axial  length  is  illustrated  in 
Figure  4.4. 

Extensive  development  testing  of  the  FlOl  PFRT  combustor  design  has  been 
conducted  to  perfect  its  operating  characteristics.  Excellent  performance, 
including  low  exit  temperature  pattern  and  profile  factors  (Figure  4.5)  and 
acceptable  altitude  relight  capabilities  have  been  demonstx^ated  in  these  tests. 

One  of  the  key  accomplishments  of  these  development  efforts  was  the 
attainment  of  the  altitude  relight  performance  slioum  in  Figure  4,6.  This 
flight  map,  of  course,  is  representative  of  a military  engine  application. 

The  OTW  engine,  on  the  other  hand,  will  operate  over  a commercial  engine  flight 
map,  similar  to  that  of  the  CFb-50  engine.  The  windmill ing  of  the  CF6-50 
engine  is  shoxvm  in  Figure  4.7,  where  it  is  compared  with  the  FlOl  engine  flight 
map.  A commonly  employed  parameter  for  evaluating  ignition  severity  is  PT/Vx^ef> 
where  P and  T represent  the  combustor  inlet  pressure  and  temperature  and  Vref 
the  combustor  reference  velocity.  Regions  of  low  PT/V^-of  windmilling 

map  represent  the  most  difficult  areas  in  which  to  achieve  ignition.  The  FlOl 
combustor  has  demonstrated  relight  capability  with  PT/\\.ef  values  down  to  7.4 
atmospheres  ° K seconds/meter  (60  psi  ^ R/fps),  which  is  also  the  minimum 
PT/Vj-jif  encountered  in  the  CF6-50  envelope,  as  is  sho\m  in  Figure  4.7.  There- 
fore, it  is  expected  that  the  OTl'J  engine  combustor  will  meet  the  anticipated 
altitude  relight  requirements.  Further  assessments  of  the  OTW  engine  combustor 
relight  capabilities  will  be  made  as  the  windmilling  characteristics  of  this 
engine  are  better  defined. 

To  date,  the  PFRT  combustor  has  been  used  in  the  FlOl  and  other 
engines.  The  engine  tests  have  included  both  ground  and  flight  test  evalu- 
ations. These  engine  tests  along  with  extensive  component  development  test- 
ing of  this  combustor  design  have  been  conducted  to  optimize  its  operating 
characteristics. 


Figure  4.4,  FlOl  PFRT  Engine  Combustor, 
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• Simulatcui  KHv;,'  Powim*  Opt*ratin^  Conditions 


Altitude , kilometers 


Altitude,  thousands  of  feet 


4.4  PREDICTED  ENGINE  EMISSIONS  CHARACTERISTICS 


4.4.1  vSmoke  Emissions 


The  predicted  peak  smoke  eiTiission  level  of  the  OTW  engine  is  shown  in 
Figure  4.8.  This  peak  level  occurs  at  takeoff  operating  conditions.  This 
predicted  value  is  based  on  data  obtained  in  the  FlOl  PFRT  combustor  component 
tests  conducted  as  a part  of  the  QCSEE  Program.  In  the  component  test,  a 
smoke  number  of  42  was  measured  at  the  combustor  ex*t.  These  component  data 
are  generally  in  good  agreement  with  engine  data  obt  ained  at  combustor  oper- 
ating conditions  close  to  those  of  the  QCSEE  OTW  engine.  Because  it  is  a 
mixed-flow  engine,  it  is  predicted  to  have  a peak  smoke  emission  level  of  about 
7 which  satisfies  the  contract  goals  with  significant  margin  as  is  shown  in 
Figure  4.8.  The  smoke  emission  levels  of  other  General  Electric  commercial 
aircraft  engines  are  also  presented  in  Figure  4.8  for  comparison. 


4.4.2  Gaseous  Emissions 


The  predicted  gaseous  pollutant  emissions  characteristics  of  the  OTW 
engine  are  shown  in  Figure  4.9.  The  predicted  CO,  and  NO^^  levels  are 

based  on  data  obtained  in  the  recently  conducted  OTW  combustor  component  test. 
Although  the  component  test  data  is  in  generally  good  agreement  with  data 
from  other  engine  tests  with  this  same  combustor  design,  some  adjustments  to 
the  CO  and  C^Hy  emissions  levels  could  result  due  to  the  uncertainty  of  the 
true  combustor  fuel-air  ratios  in  the  engine  at  idle  operating  conditions. 

The  NOx  data  is  in  very  good  agreement  with  engine  data  obtain  ed  at  the  same 
combustor  operating  conditions. 

Using  these  estimated  emissions  indices,  the  emissions  levels  in  terms  of 
the  EPA-defined  parameter  can  be  calculated,  A copy  of  the  computer  summary 
sheet  showing  these  calculations  for  the  OTW  engine  are  presented  as  Figure 
4.10.  Comparisons  of  these  calculated  emissions  levels  with  the  EPA  standards 
are  presented  in  Table  4-III  for  CxHy,  CO,  and  NOx  emissions,  respectively.  As 
shewn  the  OTW  engine  is  expected  to  meet  the  NO^  emission  standard.  However, 
significant  reductions  in  the  CxHy  and  CO  emissions  levels  of  the  OTW  engine 
will  be  required  to  meet  the  contract  goals. 

Relative  to  those  of  other  turbo fan  engine  combustors,  the  emissions 
characteristics  of  the  FlOl  PFRT  combustor  generally  are  favorable  because  of 
its  advanced  design  features  including  its  short  length  as  is  indicated  by 
the  comparative  emissions  level  data  presented  in  Figures  4.11,  4.12,  and  4.13* 
At  the  same  combustor  inlet  air  operating  conditions,  its  CxHy  and  NOx  emis- 
sions levels  are  significantly  lower  than  those  of  other  modern  combustors. 
However,  in  the  OTW  engine  application,  its  CO  and  CxHy  emissions  levels  in 
terms  of  the  EPA  takeoff-landing  mission  parameter  cycle  are  well  in  excess  of 
the  prescribed  standards  because  of  the  adverse  combustor  operating  conditions 
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Date;  6/75 

Engine  Performance  Source:  QCSEE  OTW  SLS/Std.  Day  Operation  Line 

Emissions  Data  Source:  QCSEE  OTW  Combustor  Component  Test 

Fuel  Type;  JP5 
Engine  Class:  T2 


Based  on  Component  Test  Emissions  Data 


EPA  Cycle  Condition 

Idle 

Takeoff 

Climb 

Approach 

Engine  Parameters 

Time  (minutes) 

26,00 

0.70 

2.20 

4.00 

Percent  Power 

4.50 

100.00 

85.00 

30.00 

Thrust  (pounds) 

913.0 

20JOO.O 

17255.0 

6090,0 

Fuel  Flow  (pph) 

665.0 

6881.0 

5501.0 

1884.0 

SFC  (pph/lb  Thrust) 

0.7284 

0.3390 

0.3188 

0.3094 

Thrust-Hours 
Emissions  Parameters 

395 . 63 

236.83 

632.68 

406.00 

Carbon  Monoxide 

lb/1000  lb  Fuel 

123,000 

0.900 

2.000 

12.500 

Ib/Hour 

81.795 

6.193 

11.002 

22.550 

pounds 

35.444 

0.072 

0.403 

1.570 

% of  Total  lbs 

94.543 

0.193 

1.076 

4.188 

Hydrocarbons 

lb/1000  lb  Fuel 

30.500 

0.000 

0.400 

1.200 

Ib/Hour 

20.282 

0.000 

2.200 

2.261 

pounds 

8.789 

0.000 

0,081 

0.151 

% of  Total  lbs 

97.435 

0.000 

0.894 

1.671 

Oxides  of  Nitrogen 

lb/1000  lb  Fuel 

1.600 

13.900 

11.800 

6.200 

Ib/Hour 

1.064 

95 . 646 

64.912 

11.681 

pounds 

0.461 

1.116 

2.380 

0.779 

% of  Total  lbs 

9.736 

23.563  50.258 

EPA  Parameter 

16.443 

Summary 

(lb  Eraission/1000 

lb  Thrust- 

Hr-Cycle) 

Percent 

Calculated  Level  1979 

Standard 

Red.  Required 

Carbon  Monoxide 

22.43 

4.30 

80.83 

Hydrocarbons 

5.40 

0.80 

85.18 

Oxides  of  Nitrogen 

2.83 

3.00 

0.00 

Figure  -1, 10. 
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Emi.ssions  Calculations  Using  Prescribed  EPA  Landing  - Takeoff 
C yc  1 c . 


Table  4-I1I.  Predicted  OCSFF  Engine  Fmissions 
Characteristics . 


• Based  on  QCSEE  component  test  data 

• 4.5%  power  at  idle 

• No  CDP  bleed 


Emission 

it 

l<^79  Standard 

With  FlOl 
Combustor 
As  Is 

C^Hy 

0.8 

5.3 

CO 

4.3 

23.0 

NOjc 

3.0 

2.8 

Smoke,  SAE  SN 

22 

<10 

Pounds  emissions  per  1000-pound  thrust-hours  for 
a prescribed  cycle  as  numerically  and  dimensionally 
expressed  by  the  EPA. 
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Pounds  per  1000  Pound  Thrust  Hours  per  Cycle 


5,4 


5.0 

< 

4.0 


3.2 


2.4 


1.0 


0.8 


• 8L8  Standard  Day 

• Korosono  Fuol 

• No  CDP  Blood 

• 4-1  2’ 0 Powor  at  Idlo 


1970 


Standards 


CFti-O  CF(>-50 


QCSKK 

OW 

(Based  on  QCSEE 
Oompono n t To s t s ) 


Fi  p;uro  -1 . 12  . 


C j-II y Em i s s 1 1') ns  C h a r a o t o r 1 s ( i c' s o ['  AE G Comira' v o i a 1 En i lU' s 
(Class  T2). 
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Powei'  at  Idle 


Tests) 

Figure  4-13.  NO^  Emissions  Characteristics  of  AEG  Comnerclal  Engines  (Class  T2) 


that  prevail  at  ground  idle.  These  adverse  operating  conditions  are  associated 
\d.th  the  comparatively  low  cycle  pressure  ratio  of  the  engine.  This  low 
cycle  pressure,  however,  does  result  in  somewhat  lower  NOx  emissions  levels, 
as  is  shown  in  Figure  4-13. 

The  key  combustor  operating  conditions,  which  are  the  primary  cause  of 
the  differences  between  the  emissions  levels  of  the  OTW  and  higher  pressure 
ratio  engines  are  presented  in  Table  4-IV.  The  Specific  effects  of  combustor 
operating  conditions,  primarily  inlet  temperature  and  pressure,  on  the  CO  and 
CxHy  emissions  indices  of  the  FlOl  PFRT  combustor  are  shown  in  Figure  4.14. 

The  higher  CxHy  and  CO  emissions  indices  associated  with  the  OW  engine  result 
in  proportionately  higher  calculated  mission  cycle  EPA  parameters  for  this 
engine.  To  meet  the  applicable  CO  and  CxHy  emissions  standards,  as  defined 
by  the  EPA,  emissions  indices  at  idle  of  about  20  and  4 grams  per  kilogram  of 
fuel,  respectively,  are  required.  These  target  emissions  indices  and  the 
estimated  OTW  engine  emissions  indices  are  presented  in  the  form  of  combustion 
efficiency  values  in  Figure  4.15.  As  is  shown  in  Figure  4.15,  an  improvement 
of  over  5.0  percent  in  combustion  efficiency  at  idle  is  required  to  obtain  the 
emissions  indices  required  at  idle  to  meet  the  EPA  goals. 


4.5  PERTINENT  EMISSIONS  REDUCTION  TECHNOLOGY 


As  is  discussed  in  the  preceding  section,  features  to  reduce  the  CxHy  and 
CO  emissions  levels  of  the  OTW  engine  are  needed  to  meet  EPA  requirements’. 

The  CO  and  CxHy  emissions,  of  course,  are  products  of  inefficient  com- 
bustion. As  illustrated  in  Figure  4.^,  tliese  emissions  are  primarily  produced 
at  idle  and  other  low  power  operating  conditions.  These  emissions  mainly  occur 
at  these  operating  conditions  because  the  combustion  efficiencies  (degree  to 
which  the  available  chemical  energy  of  the  fuel  is  converted  to  heat  energy)  of 
most  present-day  engines  at  these  low  engine  power  operating  conditions  are  noc 
optimum,  typically  falling  in  the  90  to  96  percent  range.  At  higher  engine 
power  settings,  the  combustion  efficiency  levels  of  most  engines  are  generally 
well  in  excess  of  99  percent  and,  therefore,  virtually  all  of  the  fuel  is 
converted  to  the  ideal  combustion  products,  carbon  dioxide  and  water,  at  these 
operating  conditions.  The  somexvrhat  reduced  combustion  efficiency  performance 
of  most  existing  aircraft  turbine  engines  at  idle  and  other  low  engine  power 
operating  conditions  is  due  to  the  adverse  combustor  operating  conditions  that 
normally  prevail  at  these  engine  operating  conditions.  At  the  low  engine  power 
operating  conditions,  the  combustor  inlet  air  temperature  and  pressure  levels 
are  relatively  loxv^;  the  overall  combustor  fuel-air  ratios  are  generally  low; 
and,  the  quality  of  the  fuel  atomization  and  its  distribution  within  the  primary 
combustion  zone  is  usually  poor  because  of  the  low  fuel  and  airflows.  In  any 
given  engine,  all  of  these  adverse  combustor  operating  conditions  are  rapidly 
eliminated  as  the  engine  power  setting  is  increased  above  idle  power  levels 
and,  accordingly,  its  combustion  efficiency  performance  is  quickly  increased  to 
near-optlmum  levels. 

To  meet  the  CO  and  CxHy  emissions  standards  defined  by  the  EPA  for  Class 
T2  aircraft  engines,  combustion  efficiency  values  at  the  ground  idle  operating 
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Table  4-IV.  Comparison  of  Operating  Conditions  of  OTW 
Pressure  Ratio  Engines  at  Ground  Idle  and 


QW 

Engine 

Standard  Day  Ground  Idle 

Combustor  air  flow  kg/s  5.5 

(pps)  (12.3) 

Combustor  inlet  air  temperature  ° C 145.5 

C F)  (287) 

Combustor  inlet  air  pressure  kN/m^  248.2 

(psia)  (36) 

Combustor  fuel-air  ratio  0.0159 

Standard  Day  Takeoff 

Combustor  air  flow  kg/s  28.5 

(pps)  (62.7) 

Combustor  inlet  air  tempetature  ° C 453 

(°  F)  (847) 

Combustor  inlet  air  pressure  kN/m^  1724 

(psia)  (250) 

Combustor  fuel-air  ratio  0.0309 


and  Higher 
Takeoff. 


Higher  Pressure 
Ratio  Engine 


7.39 

(16.3) 

163.9 

(327) 

324.1 

(47) 

0.0160 


40.6 

(89.4) 

509.4 

(949) 

2455 

(356) 

0.0234 


(uS 


conditions  of  9^  percent  or  higher  are  required.  For  example,  in  the  case 
of  the  OTW  engine,  CO  and  CxHy  emissions  levels  of  about  20  and  4 gram'c*  per 
kilogram  of  fuel,  respectively,  are  required  at  idle  to  meet  the  EPA  standards. 
This  combination  of  emissions  levels  is  equivalent  to  a combustion  efficiency 
value  of  99  percent.  Thus,  significant  improvements  in  the  combustion  effi- 
ciency performance  levels,  x^zhich  are  typical  of  presv.at-day  engines  at  the 
ground  idle  operating  conditions,  are  required  to  meet  these  EPA  standards. 

Based  on  combustion  chemical  kinetics  considerations,  these  required 
significant  improvements  in  combustion  efficiency  performance  at  idle  appear 
to  be  obtainable  in  engine  combustors,  providing  that  improved  control  of  the 
various  processes  which  occur  in  the  primary  combustion  zones  of  the  combustors 
can  be  attained  at  idle  operating  conditions.  CO  is  formed  in  combustors  as  a 
result  of  the  combustion  of  near-stoichiometric  or  over-stoichiometric  fuel-air 
mixtures  in  the  primary  zone,  because  it  is  a thermochemical  equilibrium 
product  resulting  from  the  combustion  of  such  mixtures.  Even  in  combustors 
designed  to  have  relatively  lean  primary  zone  fuel-air  mixtures  at  all  oper- 
ating conditions,  relatively  rich  mixtures  generally  exist  locally  within  the 
primary  zone  since  the  fuel-air  mixing  process  is  not  instantaneous.  Con- 
siderable amounts  of  CO  can  be  generated  as  a result  of  the  combustion  ot 
these  localized  rich  primary  zone  mixtures.  At  idle,  any  CO  that  is  so  gener- 
ated is  not  rapidly  consumed  and,  therefore,  can  escape  from  the  combustion 
zones  of  the  combustor.  Therefore,  to  obtain  low  CO  emissions  levels  at  idle 
operating  conditions  in  any  given  combustor,  very  precise  control  of  the 
equivalent  ratios  in  the  primary  combustion  zone  and  in  the  dilution  zone 
immediately  downstream  and  of  the  associated  residence  times  in  these  zones 
is  essential. 

Unlike  CO,  the  CxHy  emissions  are  not  thermochemical  equilibrium  combustion 
products.  Moreover,  combustion  chemical  kinetics  data  show  that  vaporized 
hydrocarbons,  and  any  partially  oxidized  hydrocarbons,  are  consumed  much  more 
rapidly  than  CO.  Thus,  as  long  as  these  constituents  reside  in  a flame  zone 
for  even  a very  brief  time  period,  they  are  largely  consumed.  One  of  the 
products  of  this  consumption  process  may  be  CO,  depending  on  the  flame  zone 
stoichiometry  and  other  factors.  Thus,  at  idle  operating  conditions,  relatively 
lov7  CxHy  emissions  levels  should  be  obtainable,  based  on  these  combustion 
chemical  kinetics  considerations,  provided  that  the  fuel  is  properly  vaporized 
and  mixed  to  some  degree  with  air  within  the  primary  combustion  zone.  In  any 
given  combustor,  the  primary  causes  of  this  category  of  idle  power  emissions 
appear  to  be  associated  x^rith  its  fuel  injection  characteristics.  In  particular, 
coarse  fuel  atomization  may  result  in  large  numbers  of  large  fuel  droplets 
which  can  escape  from  the  primary  zone  before  they  are  fully  vaporized.  In 
many  present-day  combustors,  the  fuel  atomization  quality  tends  to  be  rela- 
tively coarse  at  the  low  engine  pox^^er  operating  conditions  because  of  the  low 
fuel  flows  associated  with  these  engine  operating  conditions.  Also,  the  fuel 
spray  pattern  of  a given  combustor  may  be  such  that  some  of  the  fuel  is 
directed  into  the  relatively  cold  air  streams  used  to  cool  the  combustor  liners 
and  other  parts.  At  idle,  any  fuel  that  is  so  entrained  by  these  cooling  air 
streams  tends  to  be  carried  out  of  the  primary  combustion  zones  as  unreacted 
fuel.  Accordingly,  to  obtain  reduced  CxHy  emissions  levels  as  well  as  low  CO 
emission  levels,  very  effective  fuel  atomization  at  idle  is  an  important  need,' 


71 


The  effective  atomization  is  needed  both  to  facilitate  rapid  and  satisfactorily 
controlled  fuel-air  mixing  in  the  primary  combustion  zone  and  to  prevent  fuel 
droplets  from  escaping  from  the  primary  zone. 

Ac  General  Electric,  investigations  to  identify  and  develop  means  of 
reducing  CO  and  C^Ky  amissions  levels  at  idle  by  providing  improved  fuel 
atomization  and  improved  control  of  the  primary  combustion  zone  fuel-air 
ratios  at  idle  have  been  under\.’ay  for  tue  past  several  years.  For  the  most 
part,  these  investigations  have  been  priaiarily  conducted  with  CF6  engine 
combustors,  which  have  already  developed  low  smoke  emission  characteristics. 

A major  objective  of  these  annular  combustor  development  investigations  there- 
fore, has  been  to  retain  these  already  developed  low  smoke  emission  character- 
istics. One  of  the  major  development  programs  of  this  kind,  which  is  currently 
underway,  is  the  NASA  Experimental  Clean  Combustor  Program.  To  date,  some 
promising  methods  of  obtaining  significant  reductions  in  the  CO  and  CxHy  emis- 
sions levels  of  these  combustors  have  been  identified  in  these  programs. 

One  relatively  simple  means  of  obtaining  more  optimum  primary  zone  fuel- 
air  ratios  at  idle,  without  adversely  affecting  combustion  performance  charac- 
teristics at  high  power  operating  conditions,  is  to  extract  and  dump  overboard 
Increased  amounts  of  compressor  discharge  airflow  when  operating  at  idle. 

This  approach  results  in  Increased  fuel-air  ratios  throughout  the  combustor. 
Tests  of  CF6-6  and  other  engines,  in  which  various  amounts  of  compressor  dis- 
charge airflow  were  extracted,  were  conducted.  The  results  (Figures  4,16  and 
4.17)  illustrate  the  beneficial  effects  of  increasing  the  primary  combustion 
zone  fuel-air  ratio,  at  a constant  fuel  flow  rate.  The  use  of  increased  bleed 
air  extraction  also  results  in  small,  but  beneficial,  increases  in  primary 
zone  gas  residence  time,  which  are  the  result  of  the  lower  air  mass  flows 
through  the  combustor.  Significant  CO  and  CxHy  emissions  levels  reductions 
were  obtained  in  these  investigations.  Since  many  advanced  engines  have  pro- 
visions for  extracting  large  amounts  of  compressor  discharge  airflow,  this 
concept  appears  to  be  an  attractive  one. 

Still  another  means  of  obtaining  the  higher  primary  zone  fuel-air  ratios 
is  to  use  the  fuel  injection  staging  techniques  at  idle  operating  conditions. 

In  this  approach,  fuel  is  valved  to  only  selected  fuel  nozzles,  or  fuel  injec- 
tors, instead  of  to  the  full  complement  of  nozzles.  This  approach  results  in 
higher  primary  zone  fuel-air  ratios  in  the  portions  of  the  combustor  annulus 
where  the  fuel  is  concentrated.  Various  forms  of  such  fuel  injection  staging 
can  be  considered,  depending  on  the  nature  of  the  combustor  design.  Some  fuel 
injection  staging  techniques  that  can  be  conveniently  used  in  conventional 
annular  combustors  are  illustrated  in  Figure  4.18.  Tests  of  these  fuel  staging 
approaches  have  been  conducted  with  both  a CF6-50  combustor  and  an  FlOl  PFRT 
combustor. 

, As  shown  in  Figures  4.19  and  4.20,  the  use  of  circumferential  sector 
staging,  in  which  the  fuel  was  supplied  to  groups  of  adjacent  nozzles,  was 
found  to  be  highly  effective.  With  this  type  of  staging  the  enrichened  fuel- 
air  mixtures  in  the  fueled  zones  are  obtained  and,  at  the  same  time,  the 
number  of  boundaries  between  fueled  and  nonfueled  regions  are  minimized.  Cir- 
cumferential fuel  staging  of  this  kind  appears  to  be  an  attractive  approach  for 
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Figure  4.19,  c^Hy  and  CO  Reductions  in  a CF6-50  Engine  Combustor, 
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use  at  idle  to  obtain  much  reduced  CO  and  CxHy  emissions  levels.  As  part  of 
the  QCSEE  Program,  development  tests  of  the  QCSEE  OTW  combustor  were  conducted 
to  evaluate  these  different  approaches.  The  results  of  this  test  indicate 
that  both  sector  fuel  staging  and  compressor  discharge  bleed  provide  substan- 
tial reductions  in  CO  and  Cj;Hy  emissions  levels  at  the  QCSEE  OTW  engine  idle 
conditions.  Idle  emissions  reductions  of  CO  and  CxHy  similar  to  those  obtained 
in  the  other  engine  tests  weri  obtained  in  the  QCSEE  OTW  development  tests  of 
the  ElOl  PERT  combustor  as  shown  in  Figures  4.21  and  4.22.  Further  studies  are 
underway  to  assess  the  practicality  and  suitability  of  applying  this  approach 
in  advanced  engines  such  as  the  QCSEE  OTW. 

Based  on  the  results  oBtainsd  to  date  in  the  General  Electric  and  other 
investigations,  it  appeass  that  reductions  in  the  CO  and  CxHy  emissions  levels 
of  advanced  combustors  can  be  obtained  by  approaches  involving  primary  zone 
sr oichiometry  control  at  idle.  In  general,  these  approaches  can  be  used  with- 
out adversely  affecting  either  the  combustion  performance  or  the  smoke  and 
NOx  emission  characteristics  of  these  combustors  at  the  high  engine  power 
operating  conditions.  In  some  instances,  the  use  of  these  approaches  can  be 
accompanied  by  small  increases  in  NOjj  emissions  at  the  low  engine  power  oper- 
ating conditions,  but  the  NOjj  emissions  levels  at  these  engine  operating  con- 
ditions are  still  quite  low. 


4.6  PRl'DICTED  EMISSIONS  CHARACTERISTICS  WITH  ADDED  CONTROL  FEATURES 


Based  on  the  above  described  results,  sector  fuel  staging  at  idle  has 
been  selected  for  possible  use  in  reducing  CO  and  C^Hy  emissions  in  the  OTi^f 
engine  at  idle. 

Increased  CDP  bleed  air  extraction,  although  an  effective  means  of 
reducing  CO  and  CxHy  emissions  at  idle,  could  not  be  employed  in  the  current 
QCSEE  OTW  engine  program  as  it  is  not  configured  for  CDP  bleed  capability. 

Estimates  have  been  made  of  the  emissions  characteristics  of  the  OTIV 
engine  with  the  use  of  sector  fuel  staging  at  idle.  The  estimates  are  based 
on  the  results  of  the  investigations  described  above  which  used  CF6  and 
QCSEE  OTW  engine  combustors.  As  shoTO  in  Table  4-V,  the  predicted  CO  and 
CxHy  emission  levels  for  the  OTW  engine  are  still  above  the  prescribed 
standard.  These  predictions  were  based  on  the  OTW  combustor  component  test 
results.  Further  evaluation  of  this  emissions  reduction  technique  will  be 
made  during  the  OTW  engine  tests. 

Additional  effort  is  under  consideration  which  would  involve  applying 
tlie  advanced  emission  reduction  technology  developed  in  the  NASA-GE  Clean 
Combustor  program  to  a double  annular  combustor  design  for  QCSEE.  This  new 
design  would  be  developed  in  a sector  test  program  concentrating  on  reducing 
idle  emissions  to  meet  the  program  goals. 
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Table  4-V*  Predicted  OTW  Engine  Emissions  Characteristics, 


Based  on  QCSEE  OTW  Component  Test  Data 
4.5%  Pox^rer  at  Idle 
Mo  GDP  Bleed 
Kerosene  Fuel 

Pounds  Per  1000  Pound  Thrust  - Hours  Per  Cycle 


Emission 

1979 

Standard 

Combustor 
As  Is 

With  Sector  Burning 
At  Idle 

CO 

4.3 

23.0 

11.2 

CxHy 

0.8 

5,3 

0.94 

NOx 

3.0 

2.8 

2.8 

Smoke  (SAE  SN) 

22 

<10 

<10 

SECTION  5,0 


ENGINE  CYCLE  AND  iERFURMANCE 


5,1  SUMMARY 

The  QCSEE  OTW  engine  has  a mixed-flow  cycle,  utilizing  a single-stage, 
gear-driven  fan.  A physical  mixer  is  not  utilized;  the  fan  and  core  ejdiaust 
streams  exit  confluently  through  a common  e-n.naust  nozzle.  Objective  thrust 
levels  are  93,413  N (21,000  lb)  thrust  uninstalled  at  sea  level  static,  and 
21,129  N (4,750  lb)  thrust  uninstalled  at  cruise,  Mach  0.8,  9144  m (30,000  ft). 
Design  cycle  and  performance  data  are  presented  for  these  flight  conditions 
as  well  as  for  the  noise  rating  conditions,  41.2  m/sec,  61.0  m (80  knot, 

200  ft)  sideline.  The  predicted  fan  performance  map  also  is  shown. 


5.2  CYCLE  SELECTION  CRITERIA 


Primary  constraints  on  the  QCSEE  engine  cycle  include  low-noise  and  low 
exhaust  emissions.  The  particular  cycle  defined  under  this  program  also  was 
selected  to  allow  us-j  of  several  major  propulsion  system  components  in 
common  v;ith  the  QCSEr,  under-the-wing  engine.  These  components  include: 

• Inlet 

• Fan  frame 

• Fan  bypass  duct 

• Core  engine 

• Low  pressure  turbine 

• Turbine  frame 

An  inlet  throat  Mach  number  of  0.79  is  required  at  maximum  power  at  the 
noise  rating  condition  [41.2  m/sec,  61.0  m (80  knot,  200  ft)  sideline],  thus 
establishing  the  airflow  at  that  flight  condition.  Ram  recovery  characteristics 
of  the  selected  inlet  are  shown  in  Figure  5.1.  In  Figure  5.2,  the  corrected 
airflow  characteristics  are  shown  as  a function  of  flight  Mach  number.  Also 
shown  is  the  inlet  throat  Mach  number  for  406  kg/sec  (894  Ib/sec)  corrected 
airflow,  selected  as  the  design  value  at  all  flight  conditions  for  control 
mode  purposes. 

Performance  objectives  are  summarized  in  Table  5-1.  As  shown  in  Table 
5-1,  the  engine  has  an  uninstalled  thrust  at  takeoff  of  93,413  N (21,000  lb). 

At  cruise  the  thrust  is  21,129  N (4,750  lb). 
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Figure  5.1.  QCSEE  Inlet  Ram  Recovery  Characteristics. 
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tJCbEE  OTlv  Engine  Performance  Objectives. 


No  bleed  or  power  extraction 


T1h>  oxper imontal  piiglnc  is  baaed  on  utilization  of  PFRT  FlOl  core  engine 
.ind  low  prosaure  turbine  componenta.  Tlie  fan  la  gear  driven  with  the  gear 
ratio  selected  to  match  tlie  available  LP  turbine;  the  gear  ratio  Is  2.0617. 


^ KNOINK  AND  SYSTEM  PERFORMANCE 

The  OTW  propulsion  system  incorporates  a single-stage,  gear-driven  fan. 

The  fan  and  core  streams  mix  (without  a physical  mixer)  and  exhaust  confluently 
through  tlv'  two-poaltlon  exhiiust  nozzle.  PFRT  level  FlOl  core  engine  components 
are  utilized.  The  cycle  provides  93,413  N (21,000  lb)  thrust  uninstalled,  at 
sea  level  static  conditions,  flat  rated  to  a 305®  K (90®  F)  day.  Installed, 
with  tlie  effect  on  inlet  ram  recovery  allowed  for,  the  thrust  level  is  90,299  N 
300  111)  at  sea  level  static.  At  the  Mach  0.8,  9144  m (30,000  ft)  flight 
comlltlon,  the  maximum  thrust  level  uninstalled  is  21,129  N (4,750  lbs). 

T.ic  performance  of  the  OTW  experimental  engine  has  been  revised  from  that 
shown  in  the  preliminary  design  report.  The  major  factors  contributing  to  the 
revision  are  the  updating  of  core  performance  to  represent  demonstrated  PFRT 
levels  and  the  n'vislon  of  duct  pressure  losses  to  reflect  single  splitters. 

The  predicted  OTW  experimental  engine  fan  map  is  shown  in  Figure  5.3. 

Pesign  pressure  ratio  is  1.36  at  406  kg/sec  (900  Ib/sec)  corrected  flow;  the 
Imb  pressure  ratio  is  1.43.  Also  sliown  on  tlie  map  are  the  SLS  operating 
line  and  the  takeoff  and  climb  operating  conditions. 

Ouring  the  takeoff  runway  roll,  corrected  airflow  is  held  at  40u  kg/sec 
(894  Ib/sec),  which  results  in  0.79  inlet  throat  Mach  number  at  the  critical 
sideline  noise  condition.  The  exhaust  nozzle  remains  open  at  the  takeoff 
area  [1.802  in'-’  (2793  in. 2)],  while  the  throttle  is  in  the  takeoff  position. 

K.in  pressure  decreases  during  the  roll  as  shoim  on  the  fan  map. 

l>lluMi  tlie  throttle  is  cut  back  above  0.3  flight  Mach  number,  the  exhaust 
nozzh*  closes  to  the  cruise  area  1.488  nr  (2307  in.^).  This  transition  shifts 
till'  operating  point  on  the  map  to  a lower-f low/liigher-pressure-ratlo  con- 
dition at  tile  start  of  the  climb  leg.  Climb  is  assumed  to  be  at  129  m/sec 
(250  knots)  Indicated  air  speed  to  3048  m (10,000  ft)  where  acceleration  is 
then  made  to  154.0  m/sec  (300  knots)  indicated  air  speed  for  climb  to  the  0.7 
Macli  number  7520  m (25,000  ft)  cruise  condition  shown  on  the  map. 

'IVo  predicted  stall  lines  are  included  on  the  map  in  Figure  5.3.  At  the 
time  the  OTW  map  was  defined,  it  was  not  planned  to  include  tip  treatment;  so, 
the  stall  line  without  treatment  was  Incorporated  in  the  cycle  deck.  Later 
the  decision  was  made  to  use  tip  treatment  In  the  experimental  engine.  The 
expected  effect  on  the  stall  line  is  shown  in  Figure  5,3. 

I’arasitlc  and  cooling  flows  for  the  OTW  engine  cycle  are  shoim  in 
Figure  5.4. 
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Figure  5.4.  Cooling  Flow  Schematic. 


Cycle  parameters  and  performance  for  the  experimental  engine  are  shown 
in  Ti'ible  5-11  [see  cycle  nomenclature  (Table  5-111)  and  station  designations 
(Figure  5.5)]. 

The  first  three  columns  in  Table  5-II  show  sea  level  static  takeoff 
conditions  corresponding  to  the  objective  levels  presented  in  Table  5-1. 

The  installed  data  (Column  3)  include  the  effect  of  inlet  ram  recovery. 

Cruise  performance  at  0.8  Mach,  9144  m (30,000  ft)  is  shown  in  Table  5-II, 
Column  4 (uninstalled)  and  Column  5 (installed) . An  uninstalled  thrust  of 
21,129  N (4750  lb)  is  the  objective  level  as  identified  in  Table  5-1. 

In  Columns  6 and  7 of  Table  5-11  are  shown  performance  parameters  at 
0.7  Mach  number,  7620  m (25,000  ft),  which  has  developed  as  the  cruise  condi- 
tion of  principal  interest  in  aircraft  studies. 

At  the  approach  flight  condition  [41.2  m/sec,  61.0  m (80  knots,  200  ft)], 
maximum  power  is  established  at  406  kg/sec  (894  Ib/sec)  corrected  fan  flow, 
resulting  in  an  inlet  throat  Mach  number  of  0.79.  Performance  at  this 
condition  is  shown  in  Column  8 of  Table  5-II.  Approach  thrust  is  assumed 
to  be  65  percent  of  the  maximum  (takeoff)  thrust  at  this  flight  condition, 
as  shown  in  Column  9. 

The  thrust  levels  shovm  in  Table  5-II  are  based  on  an  axial  discharge 
exhaust  nozzle  rather  than  the  nozzle  planned  for  testing.  Thus,  the 
performance  shown  does  not  reflect  the  loss  in  forward  thrust  associated  with 
the  off-axial  orientation  of  the  nozzle,  or  the  offsetting  gain  in  lift 
due  to  deflection  of  the  exhaust  gases  over  the  aircraft  flap  system.  The 
relationship  betv^een  an  axial  discharge  nozzle  and  the  selected  kickdown  "D" 
nozzle  performance  will  be  established  from  model  testing  and  applied  to  test 
results  when  the  engine  demon,  rator  test  program  is  unden^^ay. 

Fan  rotor  speed  over  a range  of  representative  flight  conditions  is  shown 
in  Figure  5.6.  During  the  takeoff  roll,  the  fan  speed  is  essentially  constant. 
It  drops  off  as  the  throttle  is  cut  back  to  climb  or  cruise  conditions  and 
the  two-position  exhaust  nozzle  closes. 

Flight  idle  is  assumed  to  be  15  percent  of  maximum  cruise  power.  In 
Figure  5.6,  the  resulting  fan  speed  is  sho\m  for  both  open  and  closed  nozzle 
areas  at  the  fliglit  idle  power  level.  The  higher  speeds  associated  with  the 
open  nozzle  would  offer  an  acceleration  time  advantage.  However,  a specific 
nozzle  area  switchover  point  has  not  been  identified  and  possibly  significant 
til  rust  Jumps  could  occur  dependent  on  its  selection. 
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Table  5-11,  OTH  Experimental  Engine  Performance 


Case  Kuwber 


Pa  rattif’ler 

J 

2 

3 

4 

.5 

6 

7 

8 

9 

HATING 

T/0 

T/0 

T/0 

Mxca 

MXCR 

MXCR 

MXCR 

T/0 

APP 

ALT 

0 

0 

0 

30000 

30000 

25000 

25000 

200 

200 

XM 

0 

0 

0 

0.8 

O.H 

0.7 

0.7 

0.121 

0.121 

DTAMH 

+31 

0 

+31 

+18 

+18 

+18 

+18 

0 

0 

KN 

21000t 

21000t 

20300^ 

17501 

•1617* 

554-1 1 

5422^ 

lC877t 

10970* 

SFC 

0,339 

0.329 

0.355 

0.711 

0.722 

0.680 

0.691 

0.402 

0.384 

nPH 

10.20 

10.28 

10,09 

10.00 

10.00 

9.99 

9.99 

10.31 

10.93 

PAMO 

1 1.696 

14.696 

14.696 

4.361 

4.364 

5.454 

5.454 

14.590 

14.590 

XMll 

— 

— 

0.778 

— 

0.803 

— 

0.785 

0.790 

0.564 

TIA 

519.67 

518.67 

549.67 

481.92 

184.92 

491,56 

491.56 

519.48 

519.48 

PU 

14.696 

11.096 

14.  132 

6.657 

6.610 

7.568 

7.515 

14.557 

14.658 

P12Q11 

1.0 

1.0 

0.982 

1.0 

0.993 

1.0 

0.993 

0.988 

0.994 

XNL 

3818 

3739 

3860 

3661 

3664 

3657 

3657 

3738 

3104 

PCNLR 

98,56 

98.59 

98.87 

99,91 

99.91 

99.05 

99.04 

98.48 

81.78 

W2AR 

894.0 

891,2 

894.0 

894.0 

891.0 

887.4 

887.2 

894.0 

749.5 

W2A 

868.1 

89-1.2 

852.8 

41S.8 

415.8 

469,4 

466.1 

884.8 

747.0 

P13Q12 

1.336 

1 .330 

1.346 

1.375 

1.375 

1.368 

1 .368 

1.333 

1.215 

K12U13 

0.868 

0.868 

0.867 

0.861 

0.861 

0.862 

0.862 

0.868 

0.877 

P21Q2 

1.426 

1.426 

1.428 

1.436 

1.436 

1.429 

1.429 

1.425 

1.289 

R2D21 

0.792 

0.791 

0.792 

0.786 

0.786 

0.789 

0.789 

0.791 

0.801 

W15 

790,9 

814.9 

775.9 

380,7 

378.0 

426.7 

423.7 

806.6 

684.4 

T15 

604 

570 

606 

539 

539 

545 

545 

571 

553 

P15 

19.63 

19.63 

19.42 

9.16 

9.09 

10.35 

10.28 

19.40 

17.81 

PJ6Q15 

0.991 

0.991 

0.991 

0,992 

0.092 

0.992  ' 

0.992 

0.991 

0.993 

PI6 

19.46 

19.46 

19,25 

9,08 

9.01 

10.27  ' 

10.19 

19.22 

17.68 

T25 

624 

589 

624 

552 

552 

559  j 

559 

590 

568 

P25 

20.60 

20.60 

20.20 

9.39 

9.32 

10.63  ! 

10.55 

20.40 

18.67 

P25Q21 

0.983 

0.983 

0.983 

0.983 

0.983 

0.983 

0.983 

0.983 

0.988 

Tli) 

2321 

2215 

2348 

2213 

2213 

2212 

2212 

2210 

1871 

PJ8 

61.30 

64  .23 

64.27 

31  .02 

30.80 

34.74 

34.50 

63 .27 

46.36 

KISDf) 

0.902 

0.901 

0.901 

0.898 

0.898 

0.898 

0.898 

0.902 

i 0.895 

IM8Q5 

3. 173 

3.469 

3.489 

3.539 

3.539 

3.508 

3.507 

3.463 

: 2.775 

XNMH 

7934 

7709 

7959 

7555 

7554 

7511 

7539 

7707 

6400 

P5f)Qr» 

0.992 

0.992 

0.992 

0.991 

0.991 

0.992 

0.9U2 

0.992 

0.990  1 

Pr)GQ55 

0.991 

0.991 

0.991 

0.991 

0.991 

0.991 

0.991 

0.991 

0.991 

T5G 

1761 

1680 

1781 

1672 

1672 

1674 

1671 

1675 

1477 

Por> 

18.22 

18,20 

18.10 

8.61 

8 . 5o 

9.73 

9.67 

17.97 

16.51 

T58 

720 

679 

725 

653 

653 

659 

659 

679 

637 

P58 

19.10 

19.10 

18.91 

8.93 

8.86 

10.10 

10.03 

18.87 

17.43 

W8 

870,4 

896.1 

854.8 

419.3 

416.8 

170.5 

467.1 

886.8 

748.2 

l’« 

720 

679 

725 

653 

653 

659 

1 659 

1 679 

637 

P8 

19.05 

19.0t> 

18.86 

8.90 

8.81 

\0.07 

10.00 

18.82 

17,39 

A8 

2771 

2.77  1 

2793 

2307 

2307 

2307 

! 2307 

2793 

2793 

AK8 

2688 

2688 

2707 

2267 

2267 

2257 

2258 

; 2707 

2710 

Vj) 

787 

761 

774 

111  1 

1114 

1128 

1123 

757 

612 

KCt) 

2 lOOO 

21000 

20300 

15339 

15160 

16142 

25914 

20590 

11105 

FIIAM 

0 

0 

0 

10589 

10513 

10598 

10522 

3713 

3135 

t Ifn  i nst  1 led 
^ Installed 
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Table  3-111.  Mixed-Flow  Turhofan  Nomenclature. 


ALT 

XM 

nr;\MB 

(••N 

s I 0 

lU'R 

FAME 

XMll 

TIA 

riA 

riJQil 

XNl. 

rCNLR 

W2AR 

WdA 

PlUJl.! 

Ki:'nn 

Pdiii:-’ 

F.dDdi 

W13 

ri  s 
PIS 

PlinHS 

Pin 

TJ‘1 

PPS 

p:sqji 

XNH 
PONHK 
WJSR 
WJ  S 


Altitude,  feet 
Flight  Mach  number 

Temperature  Increment  from  standard  day  ambient  temperature,  ® R 
Net  thrust,  lb 

SpecilTc  fuel  oonsvimpt ion,  Ib/hr/lb 

Bypass  ratio 

Amliient  pressure,  psia 

Engine  inlet  throat  Mach  number 

Fan  inlet  total  temperature,  ° R 

Fan  Inlet  total  pressure,  psia 

Inlet  duct  pressure  ratio 

Fan  physical  speed,  rpm 

FiUt  corrected  speed,  percent 

Engine  inlet  total  corrected  flow,  Ib/sec 

Engine  inlet  total  flow,  Ib/sec 

Fan  bypass  pressure  ratio 

Fan  bypas.v  ad ialiat  i c e 1 f ic iency 

Fan  hub  pressure  ratio 

Fan  hub  ad  i ;iba  t i c e f f ic  i enc  y 

Bypass  duct  total  flow,  Ib/sec 

Bypass  duct  total  temperature,  ° R 

Bypass  duct  inlet  total  pressure,  psia 

Bypass  duct  pi'ossure  ratio 

Bypass  duct  discliarge  total  pressure,  psia 

Fan  hub  discharge  total  temperature,  " R 

F;m  hub  discharge  total  pressure,  psia 

Intercompressor  transition  duct  pressure  ratio 

UP  cvMiipressor  physical  speed,  rpm 

UP  compressor  corrected  speed,  percent 

UP  compressor  corrected  inlet  airflow,  Ib/sec 

UP  compi'essor  inlet  airflow,  Ib/sec 
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Table  5-111.  Mixed-Flow  Turbofan  Nomenclature  (concluded). 

P3Q25  HP  compressor  pressure  ratio 

E25D3  HP  compressor  adiabatic  efficiency 

P3Q2  Overall  cycle  pressure  ratio 

T3  HP  compressor  discharge  total  temperature,  “ R 

P3  HP  compressor  discharge  total  pressure,  psla 

P4Q3  Combustor  pressure  ratio 

E36D4  Main  coirbustlon  efficiency 

T4  HP  turbine  1st  stage  nozzle  Inlet  total  temperature,  ^ R 

W41  HP  turbine  rotor  Inlet  gas  flow,  Ib/sec 

T41  HP  turbine  rotor  Inlet  total  temperature,  ® R 

E4D42  HP  turbine  adiabatic  efficiency 

P4Q42  HP  turbine  pressure  ratio 

T42  HP  turbine  discharge  total  temperature,  ° R 

W49  LP  turbine  rotor  Inlet  total  gas  flow,  Ib/sec 

T49  LP  turbine  rotor  inlet  total  temperature,  ® R 

P48  LP  turbine  rotor  inlet  total  pressure,  psla 

E48D5  LP  turbine  rotor  adiabatic  efficiency 

P48Q5  LP  turbine  pressure  ratio 

XNL48  LP  turbine  physical  speed,  rpm 

P55Q5  LP  turbine  frame  pressure  ratio 

P56Q55  Core  duct  pressure  ratio 

T56  Core  duct  discharge  temperature,  ° R 

P56  Core  duct  discharge  pressure,  psla 

T58  Exhaust  duct  inlet  temperature,  ° R 

P58  Exhaust  duct  inlet  total  pressure,  psla 

W8  Jet  nozzle  throat  total  gas  flow,  Ib/sec 

T8  Jet  nozzle  throat  total  temperature,  ° R 

P8  Jet  nozzle  throat  total  pressure,  psla 

A8  Jet  nozzle  throat  actual  area,  sq  In. 

AE8  Jet  nozzle  throat  effective  area,  sq  In. 

V9  Jet  nozzle  exit  velocity,  ft/sec 

FG9  Gross  thrust,  lb 

FRAM  Ram  drag,  lb 
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Free  Stream  Air  Conditions 

Total  Nacelle  Inlet 

Inlet  Throat 

Total  Fan  Front  Face 

Fan  Hub  Inlet 

Fan  Hub  Discharge 

HD  Compressor  Inlet 

HD  Compressor  5th  Stage  (Stator  Exit) 

HP  Compressor  Discharge  (Stator  Exit) 
Combustor  Inlet 

Combustor  Discharge  (HD  Turbine  V'ane  Inlet) 

HP  Turbine  Rotor  Inlet 

HP  Turbine  Discharge 

LP  Turbine  Vane  Inlet 

LP  Turbine  Rotor  Inlet 

LP  Turbine  Discharge 

LP  Turbine  Frame  Discharge 

Core  Duct  Discharge 

Mixing  Plane 

Exhaust  No/./,le  Inlet 

Exhaust  Nozzle  Throat 

K xhau  s t Nozz 1 e D i sc h a r go 

Fan  Tip  Inlet 

Fan  Tip  Discharge 

Hypass  Duct  Inlet 

bypass  Duct  Discharge 
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Figure  5.6,  OTW  Engine  Fan  Speed  Versus  Mach  Number  (Hot  Day) 


SIXTION  (1.0 


FAN  AERODYNMIIC  DESKJN 


(>.  1 

Tlu*  aerodynamic  design  of  botli  tlie  variable-pitch  UTW  and  fixed-pitch  OTW 
geared  fans  was  completed  during  the  Preliminary  Design  Phase. 

At  the  major  operating  conditions  of  takeoff  and  maximum  cruise,  a cor- 
re 'teJ  flow  of  405.5  kg/sec  (894  Ibm/sec)  was  selected  for  both  fans,  which 
enables  common  inlet  hardware  to  yield  the  desired  0.79  average  throat  Mach 
number  at  the  critical  takeoff  noise  measurement  condition.  The  aerodynamic 
design  bypass  pressure  ratio  is  1.36  for  the  OTW  fan,  which  is  intermediate 
between  the  takeoff  and  maximum  cruise  power  settings.  The  takeoff  pressure 
ratio  is  1.34.  The  takeoff  corrected  tip  speed  is  354  m/sec  (1162  ft/sec). 

The  pressure  ratio  and  speed  were  selected  on  the  basis  of  minimum  noise 
within  the  constraints  of  adequate  stall  margin  and  core  engine  supercharging. 

THE  OTW  fan  employs  28  fixed-pitch  fan  blades.  A flight  version  of  the 
design  would  use  composite  fan  blades,  but  titanium  fan  blades  will  be  used  in 
the  experimental  fan  as  a cost  saving  measure.  Tb.e  conceptual  design  with 
composite  blades  v^as  used  to  establish  the  number  of  fan  blades  and,  in 
conjunction  with  the  aerodynamic  design,  the  blade  airfoil  shape.  The  metal 
blades  require  a larger  fan  disk  rim  than  would  be  required  for  composite 
blades.  Tlie  fan  disk  support  cone  and  the  remaining  fan  components  on  the 
experimental  engine  will  be  of  flight  design. 


6 . 2 DEHiffl  Rl-:cjUlREMENTS 

Major  operating  requirements  for  the  over-tlie-wing  (OTW)  fan,  Figure 
6.1,  are  takeoff,  where  noise  and  thrust  are  of  primary  importance,  and 
maximum  cruise,  where  economy  and  thrust  are  of  primary  importance.  A 
secondary  requirement  was  to  utilize  hardware  common  to  the  UTI^  fan  when  no 
significant  performance,  penalty  was  involved.  At  takeoff,  a lox^  Can  pressure 
ratio  of  1.34  was  selected  to  minimize  the  velocity  of  the  bypass  stream  at  the 
nozzle  exit.  A corrected  flow  of  405.5  kg/sec  (894  Ib/sec),  the  same  as  for 
the  UTW,  at  this  pressure  ratio  yields  the  required  engine  thrust.  The  inlet 
tliroat  is  sized  at  this  condition  for  an  average  Mach  number  of  0.79  to 
minimize  fon^ard  propagation  of  any  noise.  This  sizing  of  the  inlet  throat 
prohibits  higher  corrected  flow  at  altitude  cruise.  Required  maximum 
cruise  tlirust  is  obtained  by  raising  the  fan  pressure  ratio  to  1.38.  The 
aerodynamic  design  point  was  selected  at  an  intermediate  condition,  which  is  a 
pressure  ratio  of  1.36  and  a corrected  flow  of  408  kg/sec  (900  Ib/sec). 

Table  6-1  sunmiarizes  the  key  parameters  for  these  three  conditions: 
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Table  6-1.  QCSEE 

OTW  Fan. 

l*.>ranu*t«.‘r 

Dt’.sign  Point 

Takeoff 

Maximum  Cruise 

Ti^tal  Ian  flow 

408  kg/ sec 
(900  Ib/sec) 

405.5  kg/sec 
(894  Ib/sec) 

405.5  kg/sec 
(8V4  Ib/sec) 

Pressure  ratio  - 
bypass  flow 

1.36 

1.34 

1.38 

Pressure  ratio 
core  flow 

1.43 

1*43 

1.44 

Bypass  ratio 

9.9 

10.1 

9.8 

Corrected  tip  speed 

358  m/sec 
(1175  ft/sec 

354  m/sec 
(1162  ft/sec) 

359  m/sec 
(1178  ft/sec) 

^ ^ BASIC  DESICxN  FEATURES 

A cross  section  of  the  selected  OTW  fan  configuration  is  shown  in  Figure 
6.2*  The  fan  outer  flowpath,  vane-frame  (including  outer  and  inner  flowpath) , 
and  transition  duct  (including  the  six  frame  struts)  are  ail  coinnon  to  the  UTW 
fan  configuration*  Thus  the  integrated  nacelle  vane-frame  assembly  is  common 
to  both  propulsion  systems.  There  are  28  fixed-pitch  rotor  blades.  The  overall 
proportions  for  the  rotor  blades,  blade  number,  and  radial  distributions  of 
thickness  and  chord  were  selected  to  provide  a satisfactory  aeromechanical 
llig,ht-type  composite  configuration*  However,  to  minimize  overall  program 
costs,  titanium  was  substituted  for  tne  actual  blade  construction.  The  stall 
margin  for  the  OTW  fan  is  projected  to  be  adequate.  The  circumferential 
grooved  casing  treatment  is  retained  from  the  UTV^  fan  to  provide  added 
protection  against  stall*  The  rotor  was  positioned  axially  such  that  the 
trailing  edge  hub  intersects  the  hub  flowpath  at  the  same  axial  station  as 
the  UTW  which  puts  the  aft  face  of  the  fan  disk  at  approximately  the  sall^e 
engine  station.  A tip  axial  spacing  between  rotor  trailing  edge  and  vane/ 
frame  leading  edge  equal  to  1.9  true  rotor  chords  results*  The  vane/ 
blade  ratio  is  1.18.  Immediately  following  the  rotor,  in  the  hub  region,  is 
a splitter  which  divides  the  flow  into  the  bypass  portion  and  core  portion. 

The  proximity  of  the  splitter  leading  edge  to  the  rotor  blade  is  to  enable 

additional  design  control  on  the  streamlines  in  the  hub  region  to  provide 
improved  surface  velocity  and  loading  dist  ’ihutious.  The  156  OGV’s  for  the 

fan  hub  flow,  or  core  portion,  are  in  the  ai.  alar  space  under  the  splitter. 

There  are  six  struts  in  the  gooseneck  which  gu  des  the  fan  hub  flow  into  the 
cor e CO  mp  r e s s o r . 
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In  the  vane/frame,  which  is  common  with  the  UTW  Fan,  the  vanes  are  non- 
axlaymmetric  in  that  five  vane  geometries,  each  with  a different  candier  and 
stagger,  are  employed  around  the  annulus.  This  nonaxlsymmetrlc  geometry  is 
required  to  conform  the  vane-frame  downstream  flow  field  to  the.  geometry  of 
the  pylon,  which  protrudes  forward  into  the  vane-frame,  and  simultaneously 
maintains  a condition  of  minimum  circumferential  static  pressure  distortion 
upstream  of  the  vane/frame.  There  are  33  vanes  in  the  vane/frama  which  yield 
a vano/blade  ratio  of  1.18. 


() . DKTAILED  CONFICURATION  DESIGN 

The  corrected  tip  speed  at  the  aerodynamic  design  point  was  selected  at 
3'>8  m/sec  (1175  i t/sec)  . This  was  selected  for  design  purposes,  as  a compro- 
mise between  the  takeoff  and  cruise  tip  speed  requirements.  The  objective 
design  point  adiabatic  efficiency  is  88%  for  Che  bypass  portion  and  78%  for 
tlie  core  portion,  Kt*quirements  include  lb%  stall  margin  at  takeoff  and  a high 
fan  liub  pressure  ratio  to  provide  good  core  engine  supercharging.  An  inlet 
radJ«is  ratio  of  0.42  was  selected,  compared  to  0.44  for  the  UTW  fan,  to 
provide  additional  annulus  area  covorgence  at  the  rotor  hub  which  reduces  the 
hub  aerodynamic  loading.  Discharge  radius  ratios  are  approximately  the 
same  for  the  two  fans.  For  the  1.803  m (71  in.)  tip  diameter,  a flow  per 
annulus  area  of  194  kg/sec-m2  (39.8  lb/sec-ft2)  results. 

The  standard  (Jeneral  Electric  axlsynmietric  flow  computation  procedure 
was  employed  in  calculating  the  velocity  diagrams.  Several  calculation 
stations  were  included  internal  to  the  rotor  blade  to  improve  the  overall 
accuracy  of  tlie  solution  in  tivis  region.  The  physical  splitter  geonx'try  is 
repri'sented  in  the  calculations.  Forward  of  the  splitter,  calculation 
stations  span  the  radial  distance  from  01)  to  ID.  Aft  of  the  splitter,  calcu- 
lation stations  span  the  radial  distance  between  the  OD  and  tlie  topside  of 
the  splitter  and  between  tlie  underside  of  the  splitter  and  the  hub  contour. 

At  each  calculation  station  effective  area  coefficients,  consistent  with 
establislied  design  practice,  were  assumed. 

The  design  radial  distribution  of  rotor  total -pressure  ratio  is  shotm  in 
Figure  6.3.  This  distribution  is  consistent  with  a stage  average  pressure 
ratio  of  1.36  in  tl>e  bypass  region.  The  h igher-tlian-average  pressure  ratio 
in  the  hub  region  provides  maximum  core  engine  supercliarglng  subject  to  a 
balance  between  tlie  constraints  of  acceptable  rotor  diffusion  factors,  stator 
inlet  absolute  Mad)  numbers,  and  stator  diffusion  factors.  A stage  average 
pressure  ratio  of  1.43  results  at  tlie  core  0(iV  exit.  Tlie  assumed  radial 
distribution  of  rotor  efficiency  for  tlie  design  is  shown  in  Figure  6.4,  which 
was  based  on  measured  results  from  similar  configurations  (Quiet  Engine, 

Fan  B) . Tlie  assumption  of  efficiency  ratlier  than  total-pressure-loss 
coefficient  is  a Oeneral  Electric  design  practice  for  rotors  of  tliis  type. 

Tlie  radial  distribution  of  rotor  diffusion  factor  which  results  from  these 
assumptions  is  shown  in  Figure  6.5.  Figures  6.6  and  6.7  sliow  the  radial 
distributions  of  rotor  relative  Mach  number  and  air  angle,  respectively. 

At  tlie  rotor  liub  tlie  flow  turns  16°  past  axial  which  corresponds  to  a work 
coefficient  of  2.6. 
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Design  Stream  Func 


Design  Strean  Func 


Kolor  Relative  Mach  No. 

Figuri'  6.(5.  OW  Radial  Distribution  of  Rotor  Relative  Mach  Number 


The  assumed  radial  distribution  of  total -pressure-loss  coefficient  for 
the  core  portion  OGV  Is  shown  In  Figure  6.8.  The  relatively  high  level, 
particularly  in  the  ID  region,  is  in  recognition  of  the  very  high  bypass 
ratio  of  the  OTW  engine  and,  accordingly,  the  small  relative  size  of  the  core 
0(;v  compared  to  the  rotor.  The  annulus  height  of  the  core  stator  is  approxi- 
mately 70%  of  the  rotor  staggered  spacing,  a significant  dimension  when 
analyzing  secondary  flow  phenomena.  It  is  anticipated  that  a significant 
portion  of  the  core  OGV  will  be  influenced  by  the  rotor  secondary  flows.  The 
moderately  high  core  OGV  diffusion  factors,  turning  angles,  and  Inlet  Mach 
numbers,  as  shown  in  Figure  6.8,  were  contributing  factors  in  the  total- 
pressure-loss  coefficient  assumptions.  An  average  swirl  of  6®  Is  retained  in 
the  fluid  upon  exit  from  the  core  OGV,  like  the  UTW  configuration.  This  was 
done  to  lower  its  aerodynamic  loading.  The  transition  duct  struts  designed 
for  the  UTW  configuration  were  cambered  to  accept  this  swirl. 


6.5  ROTOR  BLADE  DESIGN 


The  rotor  blade  tip  solidity  was  selected  as  1.3.  With  a rotor  tip  inlet 
relative  Mach  number  of  1.22,  a reduction  in  tip  solidity  would  lower  the 
overall  performance  potential  of  the  configuration.  The  rotor  hub  solidity  was 
selected  as  2.2.  The  primary  factors  In  this  selection  were  the  rotor  hub 
loading  and  sufficient  passage  length  to  do  the  required  56®  turning.  The 
radial  chord  distribution  is  linear  with  radius.  Mechanical  Input  was  pro- 
vided to  ensure  that  this  chord  distribution  and  the  selected  thickness  distri- 
bution, as  shown  in  Figures  6.9  and  6.10,  produced  a satisfactory  aero- 
mechanical  configuration. 

The  detailed  layout  procedure  employed  in  the  design  of  the  fan  blade 
geometry  generally  parallels  established  design  procedures.  In  the  tip  region 
of  the  blade  where  the  Inlet  relative  flow  is  supersonic,  the  uncovered  portion 
of  tlie  suction  surface  was  set  to  ensure  that  the  maximum  flow  passing  capacity 
is  consistent  with  the  design  flow  requirement.  The  incidence  angles  in  the 
tip  region  were  selected  according  to  transonic  blade  design  practice  which  has 
yielded  good  overall  performance  for  previous  designs.  In  the  hub  region,  where 
the  Inlet  flow  is  subsonic,  incidence  angles  were  selected  from  NASA  cascade 
data  correlations  with  adjustments  from  past  design  experience.  The  blade 
trailing  edge  angle  was  established  by  the  deviation  angle  which  was  obtained 
from  Carter's  Rule  applied  to  the  camber  of  an  equivalent  two-dimensional 
cascade  with  an  additive  empirical  adjustment,  X.  This  adjustment  is  derived 
from  aerodynamic  design  and  performance  synthesis  for  this  general  type  of 
rotor.  However,  in  the  rotor  hub,  the  significant  turning  past  axial  results 
in  profile  shapes  that  resemble  impulse  turbine  blades.  Design  practice  in 
turbine  blade  layout  suggested  that  blade  sections  using  the  full  empirical 
adjustment  would  result  in  an  overturning  of  the  flow.  This  overturning  by 
the  rotor  would  aggravate  a relatively  hlgh-Mach-number/high-loadlng  condition 
on  the  core  OGV.  Consequently  the  empirical  adjustment  was  reduced  2°  in 
this  region.  The  incidence  and  deviation  angles  and  the  empirical  adjustment 
angle  employed  in  the  design  are  shown  in  Figure  6.11. 
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Figure  6.8,  OTW  Radial  Distribution  for  Core  OGV, 


Figure  6.9.  OTW  Rotor  Chord  Distribution. 
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Figure  G.ll.  OTW  Rotor  Incidence,  Deviation,  and  Empiri 
cal  Adjustment  Angles. 
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Over  the  entire  blade  span,  the  mlnltnum  passage  area»  or  throat,  must  be 
sufficient  to  pass  the  design  flow  Including  allowances  for  boundary  layer 
losses  and  flow  nonunlformltles.  In  the  transonic  and  supersonic  region,  the 
smallest  throat  area,  consistent  with  permitting  the  design  fits*  to  pass.  Is 
desirable  since  this  minimizes  overexpansions  on  the  suction  surface.  A 
further  consideration  was  tc  minimize  disturbances  to  the  flow  along  the 
forward  portion  of  the  suction  surface  to  minimize  forward-propagating  waves 
that  might  provide  an  additional  noise  source.  Design  experience  guided  the 
degree  to  which  each  of  these  desires  was  applied  to  Individual  section  lay- 
outs. The  percent  throat  margin,  the  percentage  by  which  the  ratio  of  the 
effective  throat  area  to  the  capture  area  exceeds  the  critical  area  ratio,  is 
shown  In  Figure  6.12.  The  values  employed  are  generally  consistent  with  past 
experience. 

The  resulting  blade  shapes  have  very  little  canfcer  In  the  tip  region. 

In  the  mid-span  region,  the  shapes  generally  reseidile  multiple  circular  arc 
sections  with  the  majority  of  the  camber  occurring  In  the  aft  portion.  In  the 
inner  region,  the  shapes  are  similar  to  a double  circular  arc.  Figure  6.13 
shows  plane  sections  through  the  blade  at  several  radial  locations.  The 
resulting  camber  and  stagger  radial  distributions  are  shown  In  Figure  6.14. 


6.6  CORE  OGV  DESIGN 


A moderately  low  aspect  ratio  of  1.3  was  selected  for  the  core  portion 
OGV  to  provide  a rugged  mechanical  system.  This  selection  was  In  recognition 
of  the  potentially  severe  aeromechanlcal  environment  of  the  core  OGV,  i.e., 
large  rotor  blade  wakes,  because  of  Its  small  size  In  relationship  to  that  of 
the  rotor  blade.  A solidity  at  the  ID  of  2.24  was  selected  to  yield  reason- 
able levels  of  diffusion  factor.  Figure  6.8.  The  number  of  OGV's  which 
results  is  156. 

Profiles  for  the  con'?  OGV  are  multiple  circular  arcs.  The  incidence 
angle  over  the  outer  portion  of  the  span  was  selected  from  a correlation  of 
the  NASA  low-speed  cascade  data.  Locally,  In  the  ID  region,  the  incidence 
angle  was  reduced  4® . This  local  reduction  in  incidence  was  in  recognition 
of  traverse  data  results  on  tther  high  bypass  fan  configurations  which  show 
core  stator  inlet  air  angles  several  degrees  higher  than  the  axisymmetrlc 
calculated  values.  The  deviation  angle  was  obtained  from  Carter’s  Rule  as 
was  described  for  the  rotor  blade,  hut  no  empirical  adjustment  was  made.  The 
resulting  incidence  and  deviation  angle*?  are  shown  in  Figure  6,15.  An  average 
throat  area  5%  greater  than  the  critical  contraction  ratio  was  employed  In  the 
design.  The  throat  area  margin  is  shown  in  Figure  6.15,  Locally,  In  the  ID 
region,  the  margin  is  zero  for  the  axisymmetrlc  vector  diagrams.  However,  as 
noted  above,  the  anticipated  Inlet  air  angle  in  this  region  will  be  several 
degrees  higher;  and,  therefore,  the  capture  area  will  be  several  percent 
lower  than  the  axisymmetrlc  calculation.  The  effective  throat-to-capture  area 
ratio,  therefore,  will  Increase  to  provide  adequate  margin. 

The  multiple  circular  arc  mean  line  consisted  of  a maximum  radius  arc 
forward  of  the  throat,  which  occurs  at  the  passage  leading  edge.  This  arc 
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Figure  6,14.  OTW  Camber  and  S dagger  Radial  Distribution, 
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was  determined  bjr  the  incidence  and  throat  area  selection,  A small  blend 
region  transitioned  into  a second  arc  prescribed  by  the  overall  camber  require- 
ment. The  resulting  radial  distributions  of  canber,  stagger,  solidity,  chord, 
and  thlckness-to-chord  ratio  are  given  in  Figure  6,16.  Figure  6,17  is  a 
cylindrical  section  of  the  OGV  at  the  pitch-line  radius. 


6.7  TRANSITION  DUCT  STRUT  DE3IOI 


The  transition  duct  flowpath  is  shown  in  Figure  6.18.  It  is  common  to 
both  the  UTW  and  OTW  engines.  The  ratio  of  duct  exit  to  duct  inlet  flow  area 
is  1.02.  There  are  six  struts  in  the  transition  duct  which  are  aerodynand- 
cally  configured  to  remove  the  0.105  radian  (6°)  of  swirl  left  in  the  air  by 
the  core  OGV's  and  to  house  the  structural  spokes  of  the  composite  wheels  (see 
Figure  6.2).  In  addition,  at  engine  station  196.5  (Figure  6.2),  the  6 and  12 
o'clock  strut  positions  must  house  radial  accessory  drive  shafts.  The  nunber 
of  struts  and  axial  position  of  the  strut  trailing  edge  were  selected  identical 
with  the  FlOl  engine  to  minimize  unknowns  in  the  operation  of  the  core  engine 
system.  The  axial  positions  and  thickness  requirements  of  the  composite  wheel 
spokes  were  dictated  by  mechanical  considerations.  The  axial  location  of  the 
strut  leading  edge  at  the  OD  was  determined  by  its  proximity  to  the  splitter 
leading  edge  in  the  UTW  engine  configuration.  At  the  OD  flowpath,  the  strut 
leading  edge  is  17,8  mm  (0.7  in.)  forward  of  the  wheel  spc*:e.  A relatively 
blunt  strut  leading  edge  results  from  the  26.7  mm  (1.05  in.)  wheel  spoke 
thickness  requirement.  The  wheel  spoke  is  radial.  The  axial  lean  of  the 
strut  leading  edge  provides  relief  from  the  LE  bluntness  at  lower  radii  and 
makes  the  LE  approximately  normal  to  the  incoming  flow.  A NASA  65-serles 
thickness  distribution  was  selected  for  the  basic  profile  thickness  which  was 
modified  for  the  special  considerations  required  in  this  design.  The  strut 
thickness  is  the  same  for  all  radii  aft  of  the  forward  shell  spoke  LE  (Figure 
6.18)  to  facilitate  fabrication.  A cylindrlcally  cut  cross  section  showing 
the  strut  geometrv  at  three  radii  is  shown  in  Figure  .19.  The  thickness 
distribution  for  vne  6 and  12  o'clock  struts  was  modified  for  the  envelope  of 
the  radial  drive  shaft.  Tlie  leading  edge  40%  chord  of  these  further  modified 
sections  is  identical  to  that  of  the  nominal  strut  geometry;  and,  aft  of  the 
forward  shell  spoke  LE,  the  strut  thickness  is  the  same  for  all  radii.  The 
core  engine  has  demonstrated  operation  in  the  presence  of  a similar  thick 
strut  in  the  FlOl  application  without  duress. 


6.8  VANE/ FRAME  DESIGN 


Ute  vane/frame  performs  the  dual  function  of  an  outlet  guide  vane  for 
the  bypass  flow  and  a frame  support  for  the  engine  components  and  nacelle. 

It  is  a common  piece  of  hardware  for  both  the  UTW  and  OTW  engine  fans.  It 
is  integrated  with  the  pylon  which  houses  the  radial  drive  shaft  at  engine 
station  196.50  (see  Figure  6.2),  houses  the  engine  mount  at  approximate 
engine  station  210,  provides  an  Interface  between  the  propulsion  system  with 
the  aircraft  system,  and  houses  the  forward  thrust  links.  The  vane/frame, 
furthermore,  acts  as  an  inlet  guide  vane  for  the  UTW  fan  when  in  the  reverse 
mode  of  operation. 


115 


stagger 


Figure  6.16.  OTW  Core  OGV  Aero  Design  Characteristics. 
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Fi{?ui‘u  6.18.  Transition  Duct  Flowpath 


A conventional  OGV  system  turns  the  Incoming  flow  to  axial.  Housing 
requirements  of  the  pylon  dictate  a geometry  which  requires  the  OCV's  to 
undertum  approximately  0.174  radian  (10°)  on  one  side  and  to  overturn  approxi- 
mately 0*174  radian  (10°)  on  the  other  side.  The  vanes  must  be  tailored  to 
downstream  vector  diagrams  which  conform  to  the  natural  flow  field  around  the 
pylon  to  avoid  creating  velocity  distortions  In  the  upstream  flow.  Ideally, 
each  vane  would  be  Individually  tailored.  However,  to  avoid  excessive  costs, 
five  vane  geometry  groups  were  selected  as  adequate. 

The  Mach  number  and  air  angle  at  Inlet  to  the  vane/frame  are  shown  In 
Figure  6.20  for  both  the  UTW  and  OTW  fans.  In  the  outer  portion  of  the  bypass 
duct  annulus,  the  larger  air  angle  In  the  UTW  environment  results  in  a less 
negative  Incidence  angle  than  for  the  OTW  environment,  Mach  nutd)er  In  the 
outer  portion  of  the  annulus  Is  also  higher  In  the  UTW  environment.  When 
selecting  Incidence  angles , a higher  Mach  number  environment  naturally 
leads  to  the  desire  to  select  a less  negative  incidence  angle.  The  amount  by 
which  the  Incidence  angle  would  naturally  be  Increased,  due  to  the  higher  Mach 
number  UTW  environment.  Is  approximately  equal  to  the  Increase  In  the  Inlet 
air  angle  of  the  UTW  environment.  In  the  Inner  portion  of  the  annulus,  the 
Inlet  Mach  number  and  air  angle  are  higher  for  the  OTW  environment.  The 
natural  Increase  In  Incidence  angle  desired  because  of  the  higher  Mach  nunl>er 
is  approximately  the  same  as  the  Increase  In  the  Inlet  air  angle.  As  a 
result  of  these  considerations,  no  significant  aerodynamic  performance  penalty 
Is  assessed  to  using  common  hardware  for  both  the  UTW  and  OTW  fans. 

Locally,  near  the  bypass  duct  ID,  there  is  a discontinuity  of  the  aero- 
dynamic environment  of  the  UTW  configuration.  This  discontinuity  represents 
that  portion  of  the  flow  which  passes  under  the  island  but  bypasses  the 
splitter.  The  calculation  Ignored  mixing  across  the  vortex  sheet.  In  the 
design  of  the  vane  geometry  no  special  considerations  were  Incorporated  be- 
cause of  this  discontinuity,  since  it  is  believed  that  in  a real  fluid  the 
mixing  process  will  greatly  diminish  the  vortex  strength. 

The  vane  chord  at  the  OD  was  selected  largely  by  the  mechanical  require- 
ment of  axial  spacing  between  the  composite  frame  spokes.  At  the  ID  the  vane 
leading  edge  was  lengthened  primarily  to  obtain  an  aerodynamic’ ally  reasonable 
leading  edge  fairing  on  the  pylon  compatible  with  the  envelope  requirements  of 
the  radial  drive  shaft.  The  ID  region  Is  significantly  more  restrictive  in 
this  regard  because  of  choking  considerations,  particularly  for  the  OTW 
environment,  with  the  reduced  circumferential  spacing  between  vanes.  The 
solidity  resulting  from  33  vanes,  an  acoustic  requirement,  was  acceptable  from 
an  aerodynamic  loading  viewpoint  as  shown  in  Figure  6.21.  The  two  diffusion 
factor  curves  are  a result  of  the  two  aerodynamic  environments,  UTW  and  OTW, 
to  which  the  common  vane/frame  geometry  is  exposed.  The  thickness  is  a modi- 
fied NASA  65-serles  distribution.  Maximum- thickness-  and  traillng-edge- 
thickness-to-chord  ratios  of  0,08  and  0.02,  respectively,  were  selected  at  the 
OD.  The  same  maximum  thickness  and  trailing  edge  thickness  were  used  at  all 
other  radii  which  results  in  a maximum-thickness-  and  t railing-edge- thickness- 
to-chord  ratios  of  0,064  and  0.016,  respectively,  at  the  ID. 
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Figure  6,21.  Diffusion  Factors  for  Vane-Frame  Nominal 
Vane  Conf iguration. 


As  a guide  in  the  selection  of  the  overall  vector  diagram  requirements  of 
the  vane/frame,  a circumferential  analysis  of  an  approximate  vane  geometry, 
including  the  pylon,  was  performed.  This  analysis  Indicated  that,  for 
uniform  flow  at  vane  inlet,  the  vane  discharge  Mach  number  was  approximately 
constant  circumferentially  and  that  the  discharge  air  angle  was  nearly 
linear  circumferentially  between  the  pylon  wall  angles.  Figure  6.22,  an 
unwrapped  cross  section  at  the  ID,  shews  the  flow-field  calculated  by  this 
analysis.  The  specific  design  criteria  selected  for  the  layout  of  the  flve- 
vane  geometry  groups  was  to  change  the  average  discharge  vector  diagram  with 
zero  swirl  to  vector  diagrams  with  ± 5“  of  swirl  and  ± lo®  of  swirl. 

The  meanline  shapes  for  each  of  the  five- vane  groups  vary.  For  the  vane 
group  which  overturns  the  flow  by  4-10",  the  meanline  Is  approximately  a circu- 
lar arc.  As  a result  of  passage  area  distribution  and  choking  considerations, 
the  meanline  shape  enqiloyed  in  the  forward  25%  chord  region  of  this  vane 
group  was  retained  for  the  other  four  groups. 

The  Incidence  angle  for  all  vane  groups  was  the  same  and  was  selected  for 
the  group  with  the  highest  camber.  A correlation  of  NASA  low-speed  cascade 
data  was  the  starting  point  for  the  incidence  selection.  Over  the  outer 
portion  of  the  vane,  where  the  Inlet  Mach  number  Is  lower,  the  Incidence 
angles  were  slanted  to  the  low  side  of  the  correlation.  This  was  done  In 
consideration  of  the  reverse  thrust  mode  of  operation  for  the  UTW  fan.  In 
this  mode,  the  OGV's  Impart  a swirl  counter  to  the  direction  of  rotor  rota- 
tion. Additional  vane  leading  edge  caniber  tends  to  Increase  the  co\inter- 
swlrl  and,  therefore,  the  pumping  capacity  of  the  fan.  In  the  inner  portion 
of  the  vane  the  Incidence  angles  are  higher  than  suggested  by  the  corre- 
lation because  of  the  higher  Inlet  Mach  nunl)er.  Also,  in  the  reverse  mode  of 
operation,  this  reduction  In  vane  leading  edge  camber  In  the  ID  region  reduces 
the  swirl  for  that  portion  of  the  fluid  which  enters  the  core  engine  and 
tends  to  reduce  Its  pressure  drop. 

The  deviation  angle  for  each  of  the  five  vane  groups  was  calculated  from 
Carter’s  Rule  as  described  for  the  rotor.  The  portion  of  the  meanline  aft  of 
the  25%  chord  point  approximates  a circular  arc  blending  between  the  front 
circular  arc  and  the  required  trailing  edge  angle.  For  the  vane  group  which 
undertums  the  flow  by  10®,  the  aft  portion  of  the  blade  has  little  camber. 
Figure  6,23  shows  an  unwrapped  cross  section  at  the  ID  of  two  of  the  10“ 
overcambered  vanes  and  two  of  the  10°  undercambered  vanes  adjacent  to  the 
pylon.  Note  that  the  spacing  between  the  pylon  and  the  first  undercambered 
vane  Is  50%  larger  than  average.  This  increased  spacing  was  required  to  open 
the  passage  internal  area,  relative  to  the  capture  area,  to  retrieve  the  area 
blocked  by  the  radial  drive  shaft  envelope  requirements. 

The  radial  distributions  of  camber  and  stagger  for  the  nominal  and  two 
extreme  vane  geometries  are  shown  in  Figure  6.24.  The  radial  distributions  of 
chord  and  solidity  for  the  nominal  vane  are  shown  In  Figure  6.25.  The  design 
held  the  leading  and  trailing  edge  axial  projection  common  for  all  five  groups 
which  results  In  slightly  different  chord  lengths  for  the  other  four  vane  types. 
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SECTION  7.0 


FAN  NEaiANICAL  DESIGN 


7.1  SUMMARY 


The  OTW  experimental  fan  has  28  fixed-pitch  metal  blades  with  a 180-cm 
(71-in.)  fan  tip  diameter  similar  to  that  of  UTW  fan.  Tliis  rotor  is  shown 

in  Figure  7.1.  The  conceptual  design  of  this  i i is  based  on  using  composite 
ffin  blades,  but  metal  blades  will  be  used  for  reasons  of  economy  and  low  risk. 
The  conceptual  composite  blade  design  dictates  the  absence  of  blade  shrouds, 
determines  the  number  of  fun  blades,  and  affects  the  sizing  of  such  parameters 
as  the  blade  solidity,  reduced  velocity,  and  leading  edge  thickness.  In  the 
flight  engine,  composite  blades  would  be  substituted  for  the  metal  blades 
without  aerodynamic  change  or  compromise  in  the  composite  blade  mechanical 
design.  While  the  demonstrator  fan  disk  is  heavier  tlum  the  composite  bladed 
flight  weight  disk,  it  reflects  a flight  configuration  in  both  design  criteria 
and  material  selection.  A comparison  between  the  experimental  and  flight  OTW 
fan  design  criteria  is  given  in  Table  7-1. 

The  OTW  fan  has  both  a forward  rotating  spinner  and  aft  fJowpath  adapter. 
The  inner  flowpath  formed  by  these  two  parts  and  the  blade  platform  is  identi- 
cal to  the  inner  flowj>ath  of  the  UTW  fan  from  a point  near  the  blade  trailing 
edge  aft.  The  tip  speed  of  the  OTO  fan  is  about  17%  higher  than  that  of  the 
UTW  fan. 

The  fan  blades  and  disk  are  fabricated  of  6-4  titanium.  6-4  titanium 
couplings  on  the  fore  and  aft  sides  of  the  disk  Isolate  the  relatively  high 
stresses  in  the  disk  from  the  6061  aluminum  foTOard  and  aft  spinners.  In- 
creased blade  retention  capability  is  provided  to  prevent  axial  movement  of 
the  blades  (benefiting  from  General  Electric  experience  in  large  fan  design). 
Fan  rotor  materials  and  allowable  stresses  are  shown  in  Figure  7.2. 

Two-plane  balance  of  the  fan  rotor  will  be  provided  at  the  forward  :md 
aft  disk  flanges.  In  addition,  the  fon>,'ard  spinner  will  be  permanently  bal- 
anced in  two  planes.  Blade  retainers  will  bo  pan  weighted  and  blades  will  be 
moment  weighed,  all  to  be  preprogrammed  into  the  rotor.  Final  trim  balancing 
or  field  balancing  is  accomplished  through  balance  bolts  mounted  in  the 
spinner. 


7.2  DESIGN  REQUIREMENTS 

Design  life  of  the  fan  rotor  is  36,000  hours,  including  48,000  flight 
cycles  and  1000  full-power  ground  cycles.  To  match  the  rotor  low  cycle 
fatigue  life  to  these  design  requirements,  stress  levels  were  kept  to  iippro- 
priate  levels,  and  contouring  and  flange  scalloping  were  used  to  minimize 
stress  concentrations. 
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Table  7-1.  QCSEE  OTW  Fan  Design  Criteria 


Materials 


Component 

Demonstrator 

Flight 

Disk 

Titanium 

Titanium 

Blades 

Titanium 

Composite 

Number  of  Blades 

28 

28 

Per  Blade  Centrifugal 
Load  f N 
(lb) 

558,696 

(125,600) 

184,156 

(41,400) 

Design  Point  Speed,  rpm 

3792 

3792 

Design  Burst  Speed,  rpm 

5615 

5615 

Disk  Low-Cycle  Fatigue 
Life  (Minimum) 

>48,000 
Flight  Cycles 

>48,000 
Flight  Cycles 

Disk  Low-Cycle  Fatigue 
Life  with  Initial 
0.025  0.076  cm 

(0.01  0.03  in.)  Defect 

''16,000 
Flight  Cycles 

>16,000 
Flight  Cycles 
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(Allowable  Stresses  in  Both  Materials  are  Determined 
by  Low  Cycie  Fatigue  Requirements) 


Figure  7.2.  OTW  Rotor  Layout. 


Fan  blades  can  be  individually  replaced  without  removal  of  the  fan  rotor. 
Openings  in  the  aft  flowpath  support  permit  access  for  the  removal  of  the 
entire  fan  rotor  package  and  gearbox. 


7.3  FAN  BLADE  DESIGN 


The  OTW  fan  blades  (Figure  7.3)  are  machined  from  6-A1-4V  titanium  for- 
gings » a finished  blade  weighing  5,94  kg  (13.1  lb).  Blade  geometry  is  summarized 
in  Table  7-II  and  Figures  7.4  and  7,5.  Operating  steady-state  stresses  are 
summarized  in  Figure  7.6  and  Table  7-III.  Blade  airfoil  stresses  and  vibratory 
frequencies  were  calculated  by  the  use  of  standard  General  Electric  mechanical 
design  programs  in  the  computer  library.  These  Include  a twisted  blade  program 
for  calculating  airfoil  stresses  and  frequencies  and  a shell  program  to  deter- 
mine blade  root  boundary  conditions  due  to  the  flexibility  of  the  disk  and 
adjacent  shells.  Blade  dovetail  and  disk  poststresses  were  calculated  by  a 
computer  time-sharing  program  based  on  the  dovetail  analysis  of  Dr.  H.J.  Macke 
(Report  Nos.  R59FPD611  and  R63FPD21). 

The  steady-state  effective  stress  shown  in  Figure  7.6  is  composed  of  the 
resultant  of  bending,  Induced  tensile,  and  centralized  stresses.  This  permits 
a level  of  vibratory  stress  consistent  with  GE  practice  (minimum  of  6.9  kN/cm^ 
or  10  ksi,  as  shown  in  Figure  7.11).  Since  Che  blade  leading  and  trailing 
edges  are  in  compression  except  at  the  root,  where  the  tensile  stresses  are 
very  low,  the  blade  is  rather  insensitive  to  foreign  object  damage  on  the  edges. 
At  the  root,  assuming  damage  that  will  produce  a stress  concentration  of  3,  the 
blade  is  capable  of  tolerating  a vibratory  stress  of  31  kN/cm^  (45  ksi)  single 
amplitude.  The  uncorrected  gas  bending  stress  is  an  indicator  of  stall  stress 
levels;  in  the  case  of  the  OTW  fan  blade,  the  stall  stress  is  projected  to 
be  less  than  the  allowable  vibratory  stress. 

The  fan  blades  are  a "low-flexed”  design,  l.e.,  the  first  flexural  fre- 
quency of  the  blades  crosses  the  two  per  rev  line  in  the  fan  operating  speed 
range.  Without  a thicker  blade  root,  which  would  have  been  aerodynamically 
unsatisfactory,  low-flexing  was  necessary  because  of  the  lack  of  blade 
shrouds.  This  approach,  though  not  common,  is  used  successfully  on  General 
Electric’s  TF34  fan  and  J79  stage  1 compressor  blade  and  was  successful  on 
NASA’s  Quiet  Engine  C fan.  The  blade  Campbell  diagram  is  shown  in  Figure  7.7. 

The  frequency  of  the  disk-blade  assembly  (dashed  lines)  is  somewhat  lower  than 
the  fixed  blade  frequency  (solid  lines)  due  to  the  flexibility  of  the  support- 
ing fan  disk.  The  frequency  margin  between  the  N=2  disk-blade  mode  and  the 
two  per  rev  resonance  line  is  19  percent  at  100%  fan  speed.  Tlie  two  per  rev 
resonance  crossover  occurs  at  about  66%  speed  which  is  in  the  flight  idle 
range.  However,  in  the  experimental  engine  which  is  not  a flight  engine, 
there  will  be  no  reason  to  operate  other  than  transiently  in  this  speed  range, 
so  no  problem  is  anticipated.  In  a flight  engine  utilizing  composite  blades, 
the  resonant  frequency  of  the  blade  is  subject  to  some  adjustment  by  a rear- 
rangement and  recomposition  of  the  fabric  plies;  also,  the  flight  idle  speed 
of  the  engine  can  be  varied  somewhat.  Experience  with  the  20  inch  UTW  simu- 
lator which  had  a similar  low  flex  blade  design  showed  that  the  vibratory 
stresses  at  crossover  were  only  30%  of  scope  limits. 
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Figure  7.4.  OTW  Fan  Blade  Chord  Vs.  Span. 


Table  7-II. 


QCSEE  OTW  Fan  Blade. 


28 

180,3  cm  (71  inches) 

52.1  cm  (20.5  inches) 

2.1 


Number  of  Blades 
Fan  Tip  Diameter 
Airfoil  Length 
Aspect  Ratio 

Chord 

Max.  Thickness/ 
Chord 

Solidity 


Blade  Tip 

26.31  cm 
(10.36  Inches) 

2,65  percent 
1.3 


Blade  Root 

20.68  cm 
(8.14  inches) 

8.6  percent 
2.34 


Table  7-III.  Blade  Stresses. 


• Max.  Centrifugal  16,6  kN/cm^  (24  ksi)  @ 105%  N 

7.62  cm  (3  in.)  from  root 

• Max.  Effective  36.5  kN/cm^  (53  ksi)  0 105%  N 

15.2  cm  (6  in.)  from  root 

• Leading  and  trailing  edges  in  compression  except  at  root  - 
low  tensile  stresses  permit  an  allowable  vibratory  stress  of 
31  kN/cm2  (45  ksi  SA)  with  a stress  concentration  of  3 (FOD) 

• Anticipated  vibratory  stress  at  first  flex  - 2/rev  crossing  is 
approximately  30%  of  scope  limits. 

• Uncorrected  gas  bending  stress  = 12.4  kN/cm^  (18  ksi). 
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Figure  7.7.  OTW  Fan  Blade  Campbell  Diagram. 


Tlie  combined  blade  (second  flex)  disk  (N«3)  mode  has  a frequency  margin 
of  14  percent  from  the  3 per  rev  line  at  100%  speed.  In  the  absence  of  frame 
struts  or  inlet  guide  vanes  ahead  of  the  fan,  higher  order  resonances  have 
not  been  a problem  on  similar  configuration  engines  such  as  the  TF34  and  CF6, 

It  is  desirable  to  have  a minimum  of  12%  frequency  margin  from  the  com- 
bined blade-disk  mode  to  a per  rev  stimulus  at  100%  speed.  The  present  blade 
design,  with  a margin  of  19%  between  the  first  flex  N*2  blade-disk  mode  and 
the  two  per  rev  line,  and  a margin  of  14%  between  the  second  flex  N=3  blade- 
disk  mode  and  the  three  per  rev  line  (Reference  Figure  7.7),  is  considered  to 
have  adequate  margin  in  these  two  modes  of  greatest  concern. 

Blade  •’instability”  or  ’’limit  cycle  vibration*’  can  be  a problem  on  fans. 
It  is  characterized  by  a high  amplitude  vibration  in  a single  mode  (normally 
the  first  flexural  or  torsional  mode)  at  a nonintegral  per  rev  frequency.  It 
is  not  one  of  the  classical  airfoil  flutter  cases  and  is  apparently  confined 
to  cascades.  Because  of  the  nonlinearity  in  the  aerodynamics  involved,  it 
has  resisted  practical  solutions  by  solely  theoretical  means.  Accordingly, 
General  Electric  has  adopted  a seraiempirical  ’’reduced  velocity”  approach  for 
limit  cycle  avoidance.  Reduced  velocity  gives  a measure  of  a blade’s  sta- 
bility against  self-excited  vibration.  This  parameter  is  defined  as  Vj^  * 


W/bf^, 

where : 

b = 

1/2  chord  at  5/6  span  - (meters) 

W = 

average  air  velocity  relative  to  the  blade  over  the  outer 
third  of  the  span  - (meters /sec) 

ft  = 

first  torsional  frequency  at  design  rpm  - (Hertz) 

The  basic  criterion  used  for  setting  the  design  of  the  OTW  metal  blade 
was  the  requirement  of  having  a reduced  velocity  parameter  no  higher  than  1.5. 
This  allowable  range  is  based  on  previous  testing  of  a variety  of  fan  config- 
urations in  combination  with  the  specific  aerodynamic  design  of  the  OTW  blade. 

Blade  instability  does  not  occur  once  the  blades  are  stalled.  The  cur- 
rent design  practice  is  to  design  blades  such  that  when  the  fan  is  throttled, 
stall  occurs  before  the  empirically  predicted  blade  instability  is  encountered. 
The  blade  stability  is  affected  by  varying  the  blade  chord  and  thickness  dis- 
tribution which  changes  the  reduced  velocity  parameter.  The  operating  and 
stall  characteristics  of  this  blade  are  presented  in  Figure  7.8  in  terms  of 
reduced  velocity  versus  incidence  angle.  This  shows  an  acceptable  blade 
design  with  the  design  point  reduced  velocity  parameter  at  1.3,  and  in  which 
the  throttled  fan  should  stall  before  encountering  the  expected  blade  stability 
limit.  The  predicted  blade  stall  line  includes  the  effects  of  special  casing 
treatment. 

OTW  composite  flight  blade  would  have  additional  stability  margin  due  to 
the  higher  stiffness-to-weight  ratio  possible  in  composite  designs. 
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OTO  Fan  Limit  Cycle  Boundary 


The  blade  Is  attached  to  the  disk  by  an  axially  oriented  55°  flank  angle 
dovetail  (Figure  7 >9).  Maximum  blade  dovetail  steady-state  stress  Is  29.7 
kN/cm^  (43  ksl)  in  combined  bending  and  tensile  stress.  Dovetail  crush 
stress  is  51  kM/cm^  (74  ksl)  and  is  life  limiting  by  the  mechanism  of  wear 
or  fretting,  noi:  by  low  cycle  fatigue,  since  neither  a tensile  stress  nor  a 
stress  concentration  is  Involved.  Dovetail  flanks  are  plasma  sprayed  with 
copper-nlckel-indlum  and  coated  with  Molydag  to  protect  against  fretting.  In 
the  event  of  loss  of  a blade  airfoil,  the  resulting  combination  of  tensile  and 
bending  stress  on  the  disk  post  is  44  kN/cm^  (64  ksl)  within  an  allowable 
stress  in  this  case  of  85  I^/cm2  (123  ksl).  The  loss  of  an  airfoil  will  not 
cause  the  subsequent  loss  of  adjacent  blades  through  failure  of  the  disk  post. 

The  blade  attachments  were  designed  so  that  the  blade  airfoil  is  the 
weakest  link  in  the  airfoil,  dovetail,  aud  disk  post  system  to  minimize  the 
size  of  the  piece  that  will  detach  in  event  of  a vibratory  failure.  The 
resulting  design  is  such  that  when  the  airfoil  is  operating  at  its  maximum 
allowable  vibratory  stress,  the  blade  dovetail  is  at  98%  of  its  maximum  and 
the  disk  post  is  at  92%  of  it^  maximum.  Figures  7.10  and  7.11  illustrate 
this  design  concept. 

Figure  7.10  shows  the  points  of  maximum  stress  on  the  blade  dovetail  and 
the  disk  post  for  which  stresses  are  calculated  in  the  dovetail  computer  pro- 
gram. The  ratio  of  the  vibratory  stresses  at  these  points  to  the  vibratory 
stress  in  the  airfoil  is  shown  in  the  fatigue  limit  diagram  (Figure  7.11). 

With  the  airfoil  at  its  maximum  allowable  stress,  all  of  the  maximum 
stress  points  on  both  the  blade  and  disk  dovetails  are  at  less  than  their 
allowable  stresses. 


7.4  FAN  DISK DESIGN 


The  OTW  fan  disk  is  machined  from  a 6-A1-4V  titanium  forging.  An  inte- 
gral cone  attaches  the  ring  disk  to  the  main  reduction  gear  shafting.  Slots 
machined  into  the  forward  and  aft  ends  of  each  disk  post  provide  attachment 
for  individual  blade  retainers.  The  rotor  is  required  to  have  low-cycle 
fatigue  (LCF)  capability  for  48,000  mission  cycles  and  1,000  ground  cycles. 

To  achieve  this  requirement,  disk  extensions  were  provided  for  the  attachment 
of  adjacent  shell  members.  This,  in  addition  to  scalloping  the  flanges, 
lowered  the  stresses  at  the  flanges  sufficiently  to  meet  the  LCF  requirements. 
Stresses  in  the  disk  and  shells  were  calculated  using  a shell  and  ring  program 
in  the  computer  library.  A finite  element  program  was  used  to  calculate 
stress  in  the  disk  dovetail  post  and  in  the  bottom  of  the  dovetail  slot. 

The  total  dead  load  supported  by  the  disk  is  18.5  x lO^N  (4,150,000  lb). 
This  includes  the  centrifugal  weight  of  all  nonself-supporting  parts  (blades, 
retainers,  disk  dovetail  posts,  etc.)  as  well  as  side  loads  imposed  by  adja- 
cent members.  Maximum  permissible  stress  in  the  disk  including  stress  concen- 
trations was  limited  to  51  kN/cm^  (74  ksi)  to  meet  the  LCF  life  requirements. 
Calculated  stresses  (105%  N)  including  local  stress  concentrations  are  shown 
in  Figure  7.12  for  various  parts  of  the  disk  and  shaft.  Crack  propagation 
calculations  indicate  the  LCF  life  in  excess  of  16,000  cycles  with  an  initial 
0.0254  - 0.0762  cm  (0.01  x 0.03  inch)  defect. 
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(A)  Dovetail  Crush  Stress  - 51  IvN/Om*^  (74  Usi) 
ul  105%  Speed 

(H)  Maximum  Stress  an  Disk  Post  Due  to  Dlado 
Out  - .1-1.1  kN/cm^  (G-I  KSI) 


Pi«:ure  7.S),  OTW  Pan  Blade  Dovetail. 


Alternating  Stress,  kN/cm^ 


Alternating  Stress 


Figure  7.12.  OIW  Disk  Stresses. 


The  disk  Is  designed  as  a prime  reliable  component,  capable  of  withstand- 
ing a stress  twice  that  at  the  maximum  cycle  speed  without  bursting.  Tills 
requires  a special  capability  of  1411  of  the  maximum  cycle  speed  or  5615  rpm. 
The  calculated  burst  speed  of  the  disk  as  designed  is  6260  rpm  or  157%  of 
maximum  cycle  speed. 

The  additional  burst  margin  is  available  because  the  disk  was  not  sized 
solely  on  burst  considerations,  but  also  on  the  need  to  reduce  dovetail 
stresses,  rjeet  low—  cycle  fatigue  requirements,  stiffen  the  disk  to  avoid  blade 
frequency  problems,  and  provide  capability  for  reslotting  for  possible  future 
testing  of  composite  blades. 


7.5  BLADE  RETAINERS 


The  blade  retainers  are  blocker  plates  at  the  ends  of  each  dovetail  slot 
held  in  place  by  slots  at  the  ends  of  the  dovetail  post.  Radial  movement  of 
the  plates  is  restricted  by  tapering  the  slots  and  providing  load  points 
against  the  disk.  Figure  7.13  illustrates  the  design.  The  plates  are  held 
in  place  during  buildup  by  individual  clips  and  are  finally  locked  in  place 
by  installation  of  the  coupling.  Tliis  design  permits  individual  blade  change 
by  removal  of  the  spinner,  coupling,  and  individual  blocker  plate. 

To  prevent  the  axial  shifting  of  the  blades  under  unusual  load  condi- 
tions, the  retainers  are  designed  to  withstand  thrust  loads  of  up  to  30%  of 
the  blade  centrifugal  force.  This  results  in  a possible  axial  load  of  167  kN 
(37,500  lb)  that  must  be  restrained  without  failure  of  the  retention  system. 
At  this  maximum  load  condition,  calculated  stresses  in  the  retainer  are  at  or 
near  the  ultimate  strength  of  the  material.  However,  under  normal  operating 
conditions,  stress  in  the  retainer  does  not  exceed  14  kN/cm^  (20  ksl) . 


7.6  ROTOR  SHELL  MEMBERS 


Tlie  fon^ard  spinner  is  machined  from  a 6061  A1  forging  and  for^ms  the  for- 
ward inner  flo\q)ath  of  the  fan.  It  is  attached  to  the  foni^ard  coupling  which 
isolates  it  from  the  higher  stresses  of  the  disk.  Scalloping  between  attach- 
ment bolt  holes  and  contouring  of  the  counterbore  reduces  stress  concentra- 
tions such  that  the  spinner  meets  life  requirements. 

On  the  experimental  engine,  the  spinner  will  have  a nose  cap  to  provide 
access  to  the  interior  of  the  rotor.  The  opening  is  also  available  for 
instrumentation  lead-in  and  slipring  support. 

Permanent  two-plane  balance  of  the  spinner  will  be  obtained  by  attach- 
ment of  balance  weights  to  the  flange  at  the  nose  cap  and  a flange  at  the 
rear  of  the  spinner.  Rotor  field  balance  capability  is  built  into  the  spinner 
by  the  Inclusion  of  a series  of  bolts  of  variable  weight  into  the  rear  of  the 
spinner. 
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The  aft  spinner  Is  machined  from  a 6061  A1  forging  and  continues  the 
Inner  fan  flowpath  from  the  blade  exit  to  the  fan  core  OGV's.  A flow  dis- 
courager seal  Inhibits  air  recirculation  at  this  point.  Openings  In  the  sup- 
port member  of  the  aft  spinner  provide  access  to  fan  frame  bolts  to  allow 
removal  of  the  fan  package. 

Titanium  couplings  at  the  front  and  rear  of  the  disk  provide  transition 
members  from  the  disk  to  the  aluminum  spinners  and  Isolate  the  aluminum  parts 
from  the  relatively  high  stresses  in  the  disk.  The  couplings  also  lock  the 
blade  retainers  in  place.  The  fore  and  aft  coupling  designs  are  interchange- 
able and  may  be  used  on  either  side  of  the  disk.  Jack  points  are  provided  at 
rabbeted  joints  to  aid  in  separating  the  rotor  parts. 

Stresses  in  the  rotor  shells  were  calculated  using  a shell  and  ring 
program  in  the  computer  library.  The  stresses  are  shown  in  Figure  7.14  and 
include  stress  concentrations.  Allowable  stresses  were  determined  by  low 
cycle  fatigue  considerations  and  are  limited  to  51  kN/cm^  (74  ksi)  in  the 
titanium  parts  and  17  kN/cm^  (25  ksi)  in  the  anodized  aluminum  parts. 

Rotor  deflections  are  given  on  Figure  7.15,  Axial  movements  shown  are 
relative  to  the  shaft  flange.  The  platform  of  the  blade  and  the  contours  of 
the  forward  and  aft  spinners  are  dimensioned  so  that  the  operating  deflections 
and  dimensional  stackups  will  not  cause  forward  facing  steps  at  the  inter- 
faces between  these  perts.  The  contours  that  form  the  flowpath  are  dimen- 
sioned to  be  on  the  aerodynamic  flowpath  at  the  fan  design  point. 


7.7  FAN  HARDWARE 


All  structural  joints  in  the  fan  except  the  nose  cap  use  0.794  cm 
(5/16  in.)  diameter  Inco  718  bolts  and  Waspaloy  nuts.  The  rotor  joint  at  the 
fan  stub  shaft  uses  18  1.27  cm  (1/2  in.)  diameter  MP159  bolts  and  heavy 
walled  Waspaloy  nuts  to  permit  higher  loading  of  the  bolts.  The  threads  at 
all  the  joints  are  lubricated  with  MIL-T-5544  lubricant.  A summary  of  design 
data  on  the  stub  shaft  flange  bolts  is  shown  in  Table  7-IV. 


i 
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Stresses  Illustrated  are  at  105% 
Speed  and  Include  Theoretical  Stress 


Fij^re  7,14.  OTVt  Fan  Rotor  Shell  Stresses 


Table  7-IV.  Stub  Shaft  Flange  Bolts. 

Number  of  bolts  » 18 

Size  « 1.27  cm  - 7.87  thd/cm  (1/2  In.  - 20  thd/in.) 

Material  = MP159 

Assembly  torque  “ 176  N-m  (130  ft-lb) 

Minimum  preload  ■ 95,230  N/Bolt  (21,400  Ib/bolt) 

Total  preload  = 1.714  x lO^  N (385,000  lb) 

Minimum  bolt  preload  stress  » 92.3  kN/cin^  (134  ksi) 

Percent  fan  torque  carried  by  friction  (for  f = 0.15)  105% 

Bolt  tensile  stress  (1  metal  airfoil  out)  * 25%  of  ultimate 
Bolt  shear  stress  (1  metal  airfoil  out)  = 31%  of  ultimate 
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SECTION  8.0 


FAN  FRAME  MECHANICAL  DESIGN 


8.1  SUMMARY 


The  OTW  fan  frame  is  a flight-weight,  integrated  design  constructed  of 
advanced  composite  materials  and  is  identical  to  the  UTW  frame  except  for 
several  minor  differences  not  connected  with  the  structural  integrity.  Design 
integration  is  achieved  by  combining  the  functions  of  the  fan  stator  vanes, 
fan  outer  casing,  and  fan  frame  into  one  unitized  structure,  as  shown  in 
Figures  8.1  and  8.2.  This  approach  saves  considerable  duplication  of  struc- 
ture, resulting  in  a significantly  lighter  weight  design.  This  unitized 
approach  is  particularly  suited  to  the  use  of  composite  materials,  since  these 
materials  are  more  efficient  when  employed  in  large  bonded  structures  rather 
than  small  structures  which  must  be  bolted  together. 

The  composite  material  system  selected  as  the  basic  material  for  the 
frame  is  Type  AS  graphite  fiber  in  Hercule’c  3501  epoxy  resin  matrix.  This 
material  was  selected  based  on  the  rather  extensive  data  base  for  the  material, 
its  good  mechanical  properties,  cost,  and  its  ready  availability. 

The  frame  was  analyzed  using  a finite  element  digital  computer  program. 
This  program  was  run  a number  of  times  using  different  material  property 
Inputs  for  the  various  elements  in  order  to  arrive  at  practical  thicknesses 
and  ply  orientations  to  achieve  a final  design  that  met  all  strength  and 
stiffness  requirements  for  all  of  the  critical  conditions.  Using  this  infor- 
mation, the  detail  design  of  each  of  the  individual  parts  of  the  frame  was 
completed  and  releasee.  On  the  basis  of  these  designs,  the  tooling  required 
to  fabricate  the  various  component  parts  of  the  frame  was  designed. 

To  verify  the  structural  Integrity  of  the  critical  joint  areas,  a sub- 
component test  program  is  now  being  carried  out,  and  partial  results  are 
reported  herein.  In  addition,  an  element  test  program  was  conducted  to  verify 
predicted  mechanical  properties  for  specific  orientations  required  for  the 
frame. 


8.2  DESIGN  REQUIREMENTS 
8.2.1  Loads 


In  addition  to  the  normal  range  and  combination  of  steady-state  pressure, 
thermal,  thrust,  and  torque  loads,  the  engine  has  been  designed  to  withstand 
the  loads  defined  in  Table  8-1.  Table  8-II  summarizes  the  engine  bearing 
loads  on  the  frame  for  Ig  down,  1 radian/sec,  and  one  composite  fan  blade-out 
conditions.  The  OTT^  frame  is  designed  for  five  composite  blades  out  even 
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Outer  Casing 


Figure  8.2.  QCSEE  Composite  Frame 


Table  8-1 


QCSEE  Engine  Loads. 


Limit  Loads 


For  any  one  of  the  following  load  conditions,  all  stresses  shall 

remain  within  the  material  elastic  limits. 

Condition  I:  (Flight  and  Landing)  - See  load  diagram.  Figure  2.2. 

Condition  II:  (Gust  Load)  - An  equivalent  load  from  a 51.44  m/sec 

(100  knot)  crosswind  acting  at  any  angle  within  a 
plane  1.5708  radians  (90  degrees)  to  the  axis  of  the 
engine,  zero-to-maximum  thrust. 

Condition  III:  (Side  Load)  - A 4g  side  load  combined  with  1/3  the 

equivalent  load  as  defined  in  Condition  II,  zero-to- 
maxlmum  thrust. 

Ultimate  Loads 


The  engine  shall  not  separate  from  the  aircraft  when  subjected  to 
Conditions  IV,  V,  and  VI  and  for  static  loads  equivalent  to  1.5  times 
the  loads  specified  as  limit  loads  in  metal  parts,  and  3.0  times  the 
loads  specified  as  limit  loads  in  composite  part -. 

Condition  IV:  (Flight-Engine  Seizure)  - The  sr  ire  loads  are  due  to 

the  fan  and  engine  basic  gas  generator  decelerating 
from  maximum  to  zero  engine  speed  in  one  second. 

Condition  V:  (Crash  Load)  - The  crash  load  is  defined  as  lOg  forward, 

2.25g  side,  and  4.5g  down  at  maximum  thrust  or  up  to 
zero  thrust. 

Condition  VI:  (5  blades  out)  - The  engine  shall  be  capable  of  with- 

standing unbalance  loads  caused  by  the  loss  of  5 
adjacent  fan  blades  at  maximum  rpm  (composite  blades 
only) . 
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Table  8-II.  QCSEE  Frame  Radial  Bearing  Loads 


Condition 

Radial  Bearing  Load 

1 g Down 

F wtons 

Pounds 

Bearing  No.* 

IB 

3425 

770 

IR 

1099 

247 

2 

364 

82 

3 

823 

185 

1 Radlan/Sec 
Bearing  !<o.* 


IB 

27397 

6159 

IR 

27397 

6159 

2 

1699 

382 

3 

9559 

2149 

1 Fan  Blade  Out 
Beating  No.* 


IB 

175468 

39447 

IR 

144295 

32439 

2 

16182 

3638 

3 

32494 

7305 

See  Figure  11.17  for  a schematic,  of  the  engine  bearing 
locations. 
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though  the  OTW  expelroental  engine  has  metal  blades.  This  was  done  to  maintain 
structural  commonality  with  the  UTW  frame.  Th.^  loads  caused  by  five  composite 
blades  out  are  slightly  greater  than  a two  OTW  metal  blade-out  condition.  Air 
loading  on  the  bypass  vanes  is  shown  in  Figure  8.3. 


8.3  STRUCTURAL  DESCRIPTION 


The  OTW  frame  is  an  all-composite,  static  structure  formed  from  integra- 
tion of  several  separate  structures.  As  seen  In  Figure  8.1,  the  outer  casing 
of  the  frame  is  an  integration  of  the  nacelle  with  the  frame  outer  shell. 

This  casing  provides  part  of  the  external  nacelle  flow  lines  as  well  as  the 
internal  fan  flow  lines.  Fan  blade  tip  treatment  and  containment  are  provided 
by  the  grooved  and  felt-filled  structures  integrated  into  the  forward  j'ortlon 
of  the  outer  casing.  The  same  basic  fan  tip  treatment  is  used  for  both  the 
UTW  and  OTW.  Due  to  the  different  stacking  axis  and  the  fact  that  the  OTW 
blade  tip  is  cylindrical  rather  than  spherical,  minor  modifications  were  made 
to  the  rub  material  and  several  of  the  circumferential  grooves  were  filled  in 
the  OTW  frame.  The  differences  in  this  area  between  the  ITO  and  0T\'/  configura- 
tions are  shown  in  Figure  8.4.  Positioning  of  the  fan  and  core  engine  I'elatlve 
to  the  integral  nacelle/outer  casing  is  provided  by  33  bypass  vanes  which  also 
serve  as  the  fan  bypass  stator  vanes;  therefore,  the  vanes  serve  as  structural 
supports  and  provide  flow  turning  of  the  fan  flow  discharge.  The  hub  of  the 
frame  is  connected  to  the  frame  splitter  through  six  equally  spaced  struts. 

Areas  of  the  inner  shell  of  the  outer  casing,  the  bypass  duct  and  »'ore 
duct  surfaces  of  the  frame  splitter,  and  the  pressure  faces  of  the  bypass 
vanes  are  perforated  to  provide  acoustic  suppression  within  the  frame  struc- 
ture. Flow  turning  of  the  fan  flow  Into  the  core  is  provided  by  an  inde- 
pendent set  of  outlet  metallic  guide  vanes  (UGV's)  attached  to  the  forward 
flange  of  the  frame  hub  wltli  a nonstructural  fairing  extending  back  to,  and 
resting  on,  the  leading  edge  of  the  flowpath  splitter.  The  fairing  closes 
off  the  gap  between  these  guide  vanes  and  the  splitter  that  existed  in  the 
UTW  to  help  provide  core  air  during  reverse  pitch  operation.  The  fan  cure 
OGV  design  is  a brazed  and  machined  fabrication.  The  splitter  Is  formed 
sheet  metal  with  the  stator  vanes  peneliMttng  aiul  hiMccil  to  tiu'  skins. 

Oil  containment  has  been  achieved  by  closing  all  strut  ends  and  forming 
the  sump  wall  at  the  frame  hub,  MjiJor  interfaces  for  all  penetrations  into 
the  fan  sump  area  are  achieved  by  forming  local  bosses  at  all  penetration 
points.  These  penetrations  include  oil  in,  oil  scavenge,  power  take  off 
shaft  (PTO),  fan  speed  sensor,  seal  drain  lines,  and  the  scavenge  piunp  drive 
shaft,  as  shown  in  Figures  8.5,  8.6,  and  8.7.  Provisions  are  also  made  for 
the  T2.5  temperature  sensor,  six  total-pressure  and  -temperature  rakes  and 
several  static  pressure  tups. 
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Figure  8.4.  QCSEE  Fan  Tip  Treatment. 


L6] 


Figure  8.7.  Fan  Frame  Service  Areas  (Forv;ard  Looking  Aft). 


Fan  frame  fabrication  will  be  tailored  to  Include  the  numerous  penetra~ 
tion  lines  at  specified  steps  in  the  manufacturing  cycle.  The  lines  are  of  a 
sheet  metal  and  machined  ring  welded  fabrication  with  local  bosses  at  each 
0-rlng  to  support  the  required  clamping  force.  The  scavenge  tube  and  the 
other  penetration  lines  ave  welded  sheet  metal  or  formed  tubing  fabricated 
with  the  required  end  connections  for  the  0-rlng  seals. 

Since  the  composite  frame  hub  forms  the  sump  walls,  the  original  plan 
was  to  have  a 360°  metal  liner  to  protect  the  composite  material  from  exposure 
to  the  hot  sump  oil;  however,  a series  of  exposure  tests  showed  that  the  com- 
posite material  suffered  no  degradation  when  exposed  to  hot  oil.  Supporting 
test  data  are  presented  in  Section  8.7.  As  a result  of  these  tests,  the 
liner  was  eliminated. 


8.4  STRUCTURAL  FUNCTIONS 


The  QCSEE  frame  is  required  to  perform  the  following  major  structural  and 
aerodynamic  functions: 

• Provides  the  main  engine  fon^ard  attachment  points  for  thrust, 
vertical,  and  side  loads  sustained  during  flight  and  ground 
handling. 

Supports  the  fan  thrust  bearing. 

Supports  the  fan  radial  load  bearing. 

Supports  the  reduction  gear. 

Supports  the  compressor  thrust  bearing. 

Supports  the  aft  inner  fan  cowl. 

Supports  the  core  compressor  at  the  fon^ard  casing  flange. 

Supports  the  fan  hub  outlet  guide  vanes . 

Provides  the  mounting  position  for  the  accessory  gearbox. 


8.5  STRUCTURAL  CONCEPT 


The  overall  structural  concept  used  in  the  frame  consists  of  three  basic 
elements  (i.e.,  structural  wheels,  shear  panels,  and  reinforcing  flanges)  with 
each  element  designed  to  perform  specific  load-carrying  functions.  The  large 
wheel-like  structures  are  joined  together  with  shear  panels  which  form  the 
bypass  and  core  flowpaths.  The  frame  is  then  locally  reinforced  with  flanges 
in  the  outer  casing,  splitter,  and  hub  areas  as  needed. 
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The  structural  wheel  satisfies  several  load  transfer  requirements.  First, 
It  transfers  tensile  and  compressive  radial  loads  through  the  struts  from  one 
casing  ring  to  another.  Second,  it  transfers  both  normal  and  bending  ring 
loads  throughout  the  ring  structure.  Third,  it  transfers  any  forward  over- 
turning bending  moments  that  exist  in  the  strut  from  one  casing  shell  to 
another.  An  example  of  this  type  of  strxiiicture  is  the  frame  mid-wheel  shown 
in  Figure  8.8. 

The  shear  panels  are  bonded  to  the  four  sides  of  each  wheel  cavity  and 
serve  as  the  basic  load-rarrying  members  between  wheels.  The  panels  perform 
the  following  functions.  First,  they  transfer  shear  forces  between  wheels 
imposed  on  the  frame  by  a forward  overturning  bending  moment.  Second,  they 
transfer  radial  tensile  and  compressive  forces  between  casings  imposed  on  the 
struts  by  a tangential  bending  moment.  Third,  they  transfer  axial  tensile  and 
compressive  forces  between  wheels.  Fourth,  they  serve  as  the  airflow  surfaces 
within  the  frame  cavities.  Examples  of  these  types  of  panels  are  presented  in 
Figures  8.9  and  8.10  which  show  the  nominal  bypass  vane  and  the  core  strut 
skin,  respectively. 

The  reinforcing  flanges  located  at  either  end  of  each  strut  or  vane  per- 
form two  basic  load-carrying  functions:  first,  they  transfer  tangential  bend- 

ing moments  out  of  the  struts  and  into  the  forward  and  aft  rings,  and  second, 
they  transfer  tensile  and  compressive  axial  loads  between  wheels. 

Analyses  have  shown  that,  for  the  QCSEE  frames,  a three-wheel  frame  con- 
cept is  adequate  to  carry  all  imposed  loads.  The  f onward  wheel  is  a flat- 
spoked  wheel  composed  of  splitter  ring,  a hub  ring,  and  six  spokes.  The 
middle  and  aft  wheels  are  flat-spoked  wheels  composed  of  an  outer  casing  ring, 
a splitter  ring,  a hub  ring,  six  spokes  integrally  connecting  the  hub  and  the 
splitter  rings,  and  33  spokes  integrally  connecting  the  outer  casing  and  the 
splitter  rings.  The  shear  panels  are  bonded  to  the  Interior  of  each  wheel 
cavity,  and  the  panels  form  the  airflox^  surfaces.  "L"  flanges  are  bonded  to 
the  inner  and  outer  rings  and  flowpath  panels.  This  structural  concept  not 
only  provides  a frame  with  highly  efficient  joints,  but  also  results  in  a 
structure  which  should  facilitate  fabrication  and  repair.  Structural  sound- 
ness is  enhanced  by  transferring  loads  by  bonding  in  many  small  increments 
rather  than  in  a few  large  increments. 

Metal  engine  mount  parts  and  metal  brackets  are  attached  to  the  composite 
structure  by  bonding  and  mechanical  fastening.  The  aft  splitter  ring  contains 
three  engine-mount  attachment  points.  The  first  attachment  point  is  located  at 
the  0°  (12  o'clock)  position  on  the  aft  splitter  ring  and  consists  of  a metal 
uniball  which  supports  vertical  and  side  loads.  At  45®  dovTO  from  either  side 
of  the  metal  uniball  are  metal  brackets  which  support  all  thrust  loads  of  the 
engine.  The  inner  hub  of  the  frame  has  flanges  for  attachment  of  fan  rotor 
bearing  supports,  stationary  reduction  gear  bearing  supports,  the  low  pressure 
turbine  shaft  forward  bearing  support,  and  the  core  rotor  forward  bearing 
support. 
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Contour  Defined 
By  Glass  Master 


Strut  Skin. 


The  nacelle  and  fan  casing  are  integral  with  the  frame  from  the  bypass 
vanes  forward  to  the  inlet.  The  high  strength  and  stiffness  in  the  frame 
provide  the  necessary  supports  for  the  stator,  radial  drive  gearbox,  and  other 
equipment.  The  entire  wall  thickness  of  the  fan  case  and  nacelle  is  utilized 
to  provide  fan  shroud  stiffness  and  to  support  the  blade  containment  member. 
The  full-depth  honeycomb  is  lighter  and  less  expensive  to  fabricate  compared 
to  the  conventional  double  structure.  The  joints  normally  required  in  a 
metal  frame  design  are  minimized,  which  reduces  weight,  tooling,  and  fabrica- 
tion costs.  This  concept  is  particularly  well  suited  to  composite  materials 
due  to  their  low  density  and  easy  "bondabllity. " Slotted  tip  treatment  and 
a small  area  of  frangible  honeycomb  are  provided  over  the  fan  blade. 


8.6  DESIGN  ANALYSIS 


The  integral  load  distribution  for  the  frame  was  determined  using  a fi- 
nite element  computer  program  which  represented  the  frame  structure  as  a 
combination  of  curved  beams,  straight  beams,  and  plates,  all  capable  of 
having  orthotropic  material  properties. 

In  the  core  region  of  the  frame,  the  struts  were  modeled  as  three  straight 
beams  (representing  the  spokes  of  the  wheels)  connected  to  curved  beams  in  the 
hub  and  splitter  region  (rims  of  the  wheels) , all  tied  together  by  plates 
representing  the  flowpath  and  splitter  walls.  The  fan  flowpath  area  was  rep- 
resented by  radial  beams  representing  the  bypass  vanes  (wheel  spokes  and  flow- 
path  panels  were  lumped  together  and  appropriate  section  properties  used  for 
these  pseudo  beams)  tied  to  plates  representing  the  outer  casing  forward  to 
the  inlet.  Appropriate  structure  also  was  included  to  represent  the  mount 
structure  and  the  compressor  case  back  to  the  turbine  frame;  although  this 
structure  is  not  shown  in  the  accompanying  figures.  The  basic  mathematical 
model  is  shown,  superimposed  on  the  frame  trimetric  in  Figure  8.11.  Computer 
generated  views  of  the  model  are  shown  in  Figures  8.12  and  8.13. 

A number  of  iterations  were  made  on  thicknesses  and  orientations  of  the 
various  constituent  elements  of  the  mathematical  model  to  arrive  at  an  effi- 
cient structure,  which  would  satisfy  the  most  severe  loading  conditions.  The 
frame  structure,  in  conjunction  with  the  engine  mounts,  must  withstand  the 
maneuver  loads  as  imposed  by  the  conditions  defined  in  Table  8-1.  The  frame 
must  withstand  these  loads  and  maintain  structural  integrity  without  permanent 
deformation.  In  addition,  this  structure  must  be  capable  of  transmitting 
mount  loads  equivalent  to  3.0  times  the  worst  possible  combination  of  maneuver 
loads  without  experiencing  collapsing,  even  though  the  members  may  acquire 
permanent  deformation.  All  ultimate  load  conditions  are  calculated  under  a 
room  temperature  environment.  Investigation  of  the  mission  requirements 
yielded  two  critical  loading  cases. 

The  first  case  is  Condition  II  (gust  loading) . Design  conditions  require 
the  frame  to  withstand  three  times  the  loads  of  a 51.44  m/sec  (100  knot) 
crosswind  acting  at  any  angle  within  a plane  perpendicular  to  the  axis  of  the 
engine  at  zero-to-maxlmum  thrust.  This  condition  was  used  to  size  the  outer 
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nacelle  shell  and  bypass  vanes  even  though  the  inlet  will  not  be  rigidly 
attached  in  the  experimental  OTO  engine  configuration. 

The  second  case  is  the  Condition  VT  five-blade-out  condition  which  re- 
quires the  frame  to  withstand  the  unbalance  load  resulting  from  a five  com- 
posite blade-out  condition  (UTI>/  engine)  on  the  fan  rotor  which  causes  a 
dynamic,  1/rev  radial  load  on  the  No.  1 bearing  support.  This  condition 
sized  the  core  struts,  hub,  and  splitter. 

The  final  sizing  for  all  the  major  frame  structure  is  shown  in  Table 
8-III,  which  gives  both  thicknesses  and  material  configuration.  The  internal 
loads,  stresses,  and  deflections  associated  with  this  configuration  were  com- 
puted by  the  program.  The  critical  stresses,  along  with  the  predicted  allow- 
ables for  the  major  structural  members,  are  shown  in  Table  8-IV.  The  allow- 
ables are  taken  from  the  Advanced  Composites  Design  Guide.  A comparison  of 
these  predicted  allowables  with  coupon  test  data  is  presented  in  Section  8.7. 
The  critical  bond  stresses  calculated  from  the  computer  model  output  are  shown 
in  Table  8-V.  The  maximum  radial  deflection  of  the  fan  casing  over  the  fan 
Xi7as  0.086  cm  (0.034  in.).  Running  clearance  is  0.254  cm  (0.1  in.). 


8.6.1  Thermal  Analvsis 


Due  to  the  low  thermal  coefficient  of  expansion  that  is  characteristic  of 
graphite/epoxy  composites,  an  analysis  of  the  critical  interface  areas,  where 
metal  structure  is  attached  to  composite  structure  and  subjected  to  thermal 
changes,  was  performed.  The  only  areas  where  this  occurs  to  any  significant 
extent  is  in  the  hub  region  where  the  titanium  bearing  cones  are  bolted  to  the 
composite  rings  and  are  subjected  to  a AT  of  366°  K (200°  F) . Applying  the 
entire  aAT  stress  to  the  composite  structure  results  in  the  stresses  shown  in 
Table  8-VI.  This  table  also  shows  the  summation  of  the  static  stress  and  the 
thermal  stress  versus  the  allowable  stress.  As  can  be  seen,  the  thermal 
stresses  are  relatively  low  and  had  little  or  no  effect  on  the  sizing  of  the 
composite  structure. 


8.6.2  Dynamic  Analysis 

Since  the  fan  stator  vanes  are  an  integral  part  of  the  fan  frame,  a dy- 
namic analysis  was  performed  to  determine  the  relationship  of  the  vane  first 
flexural  frequency  to  fan  speed  for  the  critical  28  per  revolution  (28  blade) 
excitation.  The  first  flexural  frequency  of  the  composite  vane  was  estimated 
by  making  an  empirical  correction  to  a theoretically  calculated  value.  This 
correction  was  determined  by  actually  measuring  the  frequency  response  of  a 
very  similar  vane  in  the  composite  simulated  FlOl  front  frame  which  was  avail- 
able as  a result  of  a previous  program.  This  measured  value  was  compared  to 
the  theoretical  value  for  this  vane  and  the  correction  factor  thus  obtained. 
Using  this  method,  the  first  flexural  frequency  of  all  five  of  the  OTW  bypass 
vane  configurations  was  obtained.  These  show  as  a band  in  Figure  8.14  which 
shows  that  first  flexural  excitation  of  the  vanes  will  occur  between  62%  and 
84%  of  the  maximum  normal  fan  speed.  Although  this  indicates  that  the  first 
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Table  8-IV,  Frame  Component  S 


(1)T  - Tension,  C - Compression,  S - Shear.  (2)  C -*  Circumferential,  R - Radial,  A - Axial 


Table  8-V.  Bond  She 


28/Rev  (OTW) 


flexural  frequency  falls  within  the  fan  operating  range,  this  should  not  be  a 
problem  since  a relatively  low  rpm  range  is  Involved,  the  rotor  vane  spacing 
is  large,  the  fan  pressure  ratio  is  low,  the  fan  Mach  number  is  less  than  1, 
and  the  composite  structure  has  good  damping  characteristics.  Soma  vanes  will 
be  Instrumented  with  strain  gages  during  initial  engine  testing  to  ensure  that 
vibratory  stresses  do  not  exceed  safe  levels. 


8-6.3  Weight  Analysis 

A weight  analysis  was  made  based  on  the  structure  described  in  Section 
8.3  and  the  sizing  determined  from  the  structural  analysis.  Results  of  this 
analysis  are  shoxm  in  Table  8-VII.  These  weights  , however,  do  not  include 
the  weight  of  instrumentation  or  auxiliary  items,  even  though  they  will  be- 
come an  Integral  part  of  the  frame. 


8.7  SUPPORTING  DATA 


The  composite  frame  must  attach  to  (and  be  detachable  from)  various 
structures  at  a large  number  of  locations.  Also,  the  composite  frame  employs 
a lurge  number  of  structural  joints  that  are  integrally  bonded  rather  than 
mechanically  fastened  together.  Component  tests  were  conducted  using  speci- 
mens and  subcomponents  representative  of  various  critical  areas  of  the  frame 
to  verify  the  effect  of  geometry,  fiber  orientation,  and  environmental  exposure 
on  the  allowable  design  stress  levels  in  these  specific  components. 


8 . 7 1 1 Element  Test  Program 

The  material  properties  used  in  the  design  and  analysis  of  the  composite 
fan  frame  were  taken  from  the  Advanced  Composites  Design  Guide,  third  edition. 
A limited  element  test  program  was  conducted  to  verify  that  the  processing 
techniques  to  be  used  on  the  frame  would  produce  adequate  results , and  also 
to  provide  a check  on  the  data  obtained  from  the  Design  Guide.  The  test 
program  is  summarized  in  Table  8-VIII.  Four  critical  areas  of  the  frame  were 
selected  and  preliminary  material  configurations  were  defined.  Since  the 
purpose  of  the  test  program  was  to  verify  the  processing  techniques  and  not 
to  produce  specific  design  data,  it  was  not  necessary  to  delay  the  test 
program  until  the  final  material  configurations  were  determined.  The  test 
results  for  the  tension,  compression,  shear,  and  bolt  hole  testing  are  shown 
in  Tables  8- IX  through  8-XII.  Configurations  101  and  102,  as  defined  in  Table 
8-IX  were  relatively  thin  [0.127  cm  (0.050  in.)]  and  several  tab  failures 
occurred  during  the  IITRI  (Illinois  Institute  of  Technology  Research  Institute) 
type  tensile  testing.  Comparable  sandwich  beam  tests  indicated  that  the  ten- 
sile values  obtained  from  the  tests  in  which  tab  failures  occurred  were  not 
representative.  Configurations  103  and  104  were  relatively  thick  [0.0254  cm 
(0.100  in.)]  and  sandwich  beam  data  could  not  be  obtained  due  to  shear  failure 
of  the  core-to-face  bond,  as  indicated  in  Tables  8-IX  and  8-X.  The  only  test 
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Table  8-VII.  Composite  Frame  Weight  Breakdown. 


(3)  IITRI  - Illinois  Institute  of  Technology 
Research  Institute 
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rable  8-X.  Compression  Test  Result 


'*•‘1  - -l™l««.-t<.-ho„eyco,a.  core  bo„d  failure 


Shf-ar  Test  Results 


value  in  the  program  that  was  significantly  below  predicted  was  the  zero  de- 
gree orientation  at  room  temperature  test  of  Configuration  104.  Other  tests 
of  this  configuration  [90®  orientation  at  406®  K (270®  F)  temperature]  were 
considerably  above  predicted  strength,  indicating  that  the  results  for  zero 
degrees  orientation  at  room  temperature  were  not  valid.  Based  on  these  data, 
it  was  concluded  that  it  was  reasonable  and  valid  to  use  information  obtained 
from  the  Design  Guide  for  the  design  and  analysis  of  the  frame. 

To  evaluate  the  effect  of  acoustic  treatment  holes  in  the  vane  skins, 
IITRI  tensile  tests  were  run  using  a 10%  open  area  pattern  of  holes.  The 
gross  tensile  strength  was  29,650  N/cm^  (43,000  psi)  and  the  net  tensile 
strength  was  37,720  N/cm^  (54,700  psi)  compared  to  a baseline  (no  holes) 
value  of  53,920  N/cm^  (78,200  psi)  as  shown  in  Table  8-IX.  This  gives  a 
stress  concentration  factor  of  1.43.  This  information  was  taken  into  account 
in  the  stress  analysis  of  the  bypass  vanes.  The  same  stress  concentration 
was  assumed  for  the  acoustically  treated  outer  casing. 


8.7.2  Fluid  Exposure  Tests 

Two  series  of  tests  were  run  to  evaluate  the  effect  of  elevated  tempera- 
ture exposures  to  aircraft  fluids.  The  first  series  of  tests  evaluated  the 
exposure  to  ”Skydrol  500C.”  The  exposure  conditions  were  of  an  intermittent 
nature  which  left  residual  fluid  on  the  composite  material.  The  specific 
composite  material  system  tested  was  the  type  AS  graphite  fiber  in  Hercules' 
3501  epoxy  resin  matrix. 

The  degradation  due  to  exposure  was  measured  as  changes  in  the  compression 
and  tension  values  of  the  exposed  material.  The  composite  material  was  molded 
and  fabricated  into  individual  test  specimens.  The  tension  specimens  were  of 
the  IITRI  type,  while  the  compression  specimens  were  modified  ASTMD  695-69 
specimens.  The  specimens,  except  for  the  control  specimens,  were  exposed  to 
"Skydrol  500C**  hydraulic  fluid  for  five  minutes  at  355®  K (180®  F)  follox^ed 
by  an  oven  exposure  (without  wiping  or  drying  the  specimens)  at  355°  K (180®  F) 
for  time  periods  ranging  from  0 to  15  days.  Ultimate  strength  values  were 
then  obtained  from  the  specimens. 

The  results  of  these  tests  are  shown  in  Figure  8.15.  Although  there  is 
some  test  scatter,  it  appears  that  the  material  system  tested  was  not  degraded 
by  the  exposure. 

Another  series  of  tests  was  made  to  determine  if  the  hot  sump  oil  could 
be  in  direct  contact  with  the  composite  frame  without  causing  degradation  in 
the  composite  material  properties.  The  primary  purpose  of  these  tests  was  to 
determine  if  a metal  oil  shield  was  required  in  the  sump  region. 

Tensile  test  specimens  (IITRI)  were  fabricated  using  the  AS/3501  graphite 
epoxy  system.  The  lay-up  pattern  was  (45,  0,  -45,  -45,  90,  45,  45,  90,  -45, 
-45,  0,  45),  which  is  representative  of  the  composite  sandwich  facing  in  the 
sump  region  which  would  be  in  contact  with  the  hot  oil.  Several  of  the 
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specimens  were  coated  with  different  coatings  to  see  If  they  would  provide 
any  additional  protection  to  the  bare  composite.  The  coatings  used  were 
Nubulan,  Valspar,  and  Metlbond  328  adhesive.  The  specimens  were  soaked  In 
hot  MIL-L-23699  oil  for  one  week  at  an  oil  temperature  of  422°  K (300°  F) . 

The  specimens  were  then  tested  to  failure  at  405°  K (270°  F) . In  addition 
to  the  oil  exposure  specimens,  several  unexposed  specimens  were  tested  at 
405°  K (270°  F)  after  30  minutes  in  422°  K (300°  F)  air  and  several  after 
one  week  In  422°  K (300°  F)  air.  The  resulting  test  data  are  shown  in 
Table  8-XIII.  The  predicted  unexposed  tensile  strength,  as  obtained  from 
the  Design  Guide  for  these  specimens  is  31,720  N/cm2  (46,000  psi)  at  405°  K 
(270°  F) . Based  on  these  data  it  was  concluded  that  there  was  no  degradation 
of  the  bare  graphite/epoxy  due  to  exposure  to  hot  MIL-L-23699  oil,  and  neither 
the  oil  shield  nor  the  protective  coatings  are  required. 


8.7.3  Subcomponent  Tests 

Since  one  of  the  most  critical  areas  of  composite  structures  is  the  join- 
ing of  the  individually  molded  pieces,  either  by  bonding  or  mechanical  fasten- 
ing, the  critical  joint  areas  of  the  fan  frame  will  be  individually  tested 
prior  to  the  final  frame  assembly.  This  series  of  subcomponent  tests  are 
outlined  in  Figure  8.16  and  listed  in  Table  8-XIV.  The  average  results  of 
these  tests  are  shown  in  Table  8-XV  along  with  the  analytically  predicted 
values  and  the  values  actually  required  by  the  frame  design.  As  can  be  seen, 
the  test  results  show  that  the  specimens  more  than  meet  the  requirements  in 
all  cases. 
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component  Test  Areas 
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Table  8-XV.  Subcomponent  Test  Results. 
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SECTION  9.0 


REDUCTION  GEAR  DESIGN 


9.1  SUMMARY 


A reduction  gear  is  utilized  in  the  OTW  engine  to  provide  a decrease  in 
rotational  speed  between  the  low  pressure  turbine  and  the  fan  rotor.  Appli- 
cation of  the  reduction  gear  permits  the  low-tip-speed  fan  to  be  driven  by  a 
two-stage  FlOl  low  pressure  turbine.  As  shown  in  Figure  9.1,  the  main  reduc- 
tion gear  which  is  located  in  the  forward  engine  sump  region  has  a gear  ratio 
of  2.062  reducing  the  low  pressure  turbine  speed  from  7962  rpm  to  3862  rpm 
for  the  fan.  Input  design  power  to  be  transmitted  by  the  reduction  gears 
is  12,813  kw  (17,183  hp) . 

The  main  reduction  gear  is  being  designed  and  developed  by  the  Curtiss- 
Wright  Corporation,  Wood- Ridge,  New  Jersey.  The  design  is  based  on  applica- 
tion of  technology  developed  by  Curtiss-Wright  for  the  reduction  gear  set  of 
the  YT49  turboprop  engine. 

The  OTW  gear  set  is  arranged  in  an  epicyclic  star  configuration.  The 
low  pressure  power  turbine  drives  a sun  geac  which  drives  a ring  gear  through 
a set  of  eight  star  gears.  These  star  gears  are  mounted  on  spheric.:!  roller 
bearings  which  in  turn,  are,  mounted  on  a fixed  carrier.  This  arrangement 
provides  the  required  gear  ratio  and  results  in  a compact  lightweight  design. 

Design  gear  stresses  have  been  maintained  within  industry-approved 
limits  for  the  flight  design.  Somewhat  higher  stresses  will  be  encountered 
during  a limited  part  of  the  experimental  testing.  This  higher  stress 
level  only  occurs  during  fan  mapping  and  is  within  limits  previously  found 
acceptable  by  both  Curtiss-Wright  and  General  Electric.  Gear  scoring  will 
be  prevented  by  controlling  inlet  oil  temperatures  and  oil  flows.  The 
contact  ratio  of  the  gears  is  maintained  at  a value  of  2,  further  reducing 
stress  since  two  gear  teeth  per  mesh  are  always  in  contact  and  sharing  the 
load.  This  high  contact  ratio  also  reduces  vibration  and  noise. 

A bearing  test  program  was  conducted  to  ensure  satisfactory  star  gear 
spherical  roller  bearing  operation  prior  to  testing  in  the  gearbox.  Results 
indicated  the  selected  bearing  design  with  reduced  radial  clearance  would 
meet  the  requirements  of  the  OTW  experimental  engine. 

Back-to-back  rig  tests  of  two  OTW  reduction  gear  units  are  planned  for 
the  second  quarter  of  1976  to  substantiate  the  design  prior  to  engine  test. 

A third  OTW  unit  will  be  built  expressly  for  engine  use  and  will  be  tested 
prior  to  shipment. 
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9.2  DESIGN  REQUIREMENTS 

The  OTW  main  reduction  gear  unit  was  designed  to  meet  the  following 
general  requirements : 

• 36,000  hours  of  life 

• 6,000  hours  time  between  overhaul  (TBO) 

• 6,000  hours  minimum  bearing  life  ’ 

• Flight  weight  design 

• Minimum  noise 

• MIL-L-23699  or  MIL-L-7808  oil 

• Minimum  efficiency  of  99.2%  (100%  speed,  100%  power) 

The  gear  set  has  been  designed  to  satisfy  the  above  requirements  in 
accc—*  nee  with  the  Flight  Duty  Cycle  specified  in  Section  2.0  of  this  report. 

The  iwjulting  design  then  was  checked  for  satisfactory  operation  in  the 
experimental  engine  ground  test  cycle. 

A common  set  of  engine/reduction  gear  interfaces  was  established  for  the  : 

UTl«J  and  OTW  main  reduction  gears  to  permit  commonality  of  the  engine  inter- 
face components  (fan  frame,  engine  bearings,  shafting,  etc.)  between  the  UTW 
and  OTW  engines . 


9.3  DESIGN  DESCRIPTION 

The  OTl^  reduction  gear  is  an  epicyclic  star  gear  arrangement,  as 
illustrated  in  Figure  9.2.  The  star  arrangement  uses  a concentric  sun  gear 
and  ring  gear  with  a set  of  idlers  (star  gears)  between  them.  The  star  gears, 
which  are  mounted  by  spherical  roller  bearings  on  a fixed  support  (star 
gear  carrier) , distribute  the  load  to  many  teeth  in  both  the  input  sun  gear 
and  output  ring  gear  members.  Power  input  to  the  unit  is  transmitted  from 
the  low  pressure  turbine  through  a flexible  coJc^ling  to  the  sun  gear. 

Output  power  to  the  fan  is  transmitted  from  the  iiiternal  tooth  ring  gear 
through  a spline  and  cone  shaft  to  the  fan  disk  shaft.  Design  and  configura- 
tion details  are  presented  in  Table  9-1. 
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Power  Output  To  Fan  Star  Gear  Carrier 


Figure  9,2«  Main  Reduction  Gear  Conf iguraiion. 


Table  9-1.  UTW  Rodiu’tion  (!ear  De.sign  Details. 


iTakuoff,  360'^ 
[1007.  Power, 

Clear  ratio 
Turbine  ‘jower 
Turbine  speed 
Clear  pitch  line  velocity 
Star  gear  speed 
Bearing  load 
Number  of  stars 
Number  of  gear  teetl 
Sun  gear 
Star  gear 
Ring  gear 
Hunting 
Nonfactoring 


K (90"  F)  Day] 

1007  Speed] 

2.062 

12813  kw  (17183  hp) 

833.8  rad/sec  (7962  rpm) 
119.3  m/sec  <23488  ft/min) 
1570.6  rad/sec  (14998  rpm) 
26,845N  (6035  lbs) 

8 

81 

43 

167 

Yes 

Yes 


9.4  DESIGN  APPROACH 


The  selected  011^  eplcycllc  star  gear  arrangement  Is  very  similar  to  the 
lirst  stage  of  the  YT49-W-1  reduction  gear  unit  shown  in  Figure  9.3,  which 
was  developed  for  the  Curtlss-Wr tght  YT49  turboprop  engine.  The  YT49  engine 
was  designed,  built,  and  tested  during  the  mid  1950’s.  Listed  below  is  a 
summary  of  the  YT49  engine  testing: 

• Bench  tests  290  hours 

• Factory  engine  tests  1960  hours 

• Flight  test  In  B17  and  150  hours 

B47  flight  test  beds 

A comparison  of  the  principal  design  features  of  the  OTW,  UTW,  and  YT49 
list  stage)  gear  sets  is  presented  in  Table  9-IT.  As  slunm,  the  OTW  design 
represents  a somewhat  greater  departure  from  the  YT49  design  than  does  the 
UTW . 


A star  gear  arrangement  is  the  only  epicyclic  gear  train  capable  of 
providing  the  selected  0T\^  reduction  gear  ratio.  In  a star  gear  system  the 
star  gears  distribute  the  load  to  numy  teeth  in  both  the  sun  gear  and  ring 
gear  members.  This  feature  greatly  reduces  the  face  width  required  for  each 
gear.  Also,  the  star  gears  rotate  about  a fixed  axis,  unlike  planetary  gears 
which  rotate  about  a sun  gear  as  well  as  their  own  axis.  This  feature  elimi- 
nates the  centrifugal  field  created  by  rotation  about  the  sun  gear,  allowing 
the  star  gears  to  utilize  lighter  bearings  than  a corresponding  planetary 
gear  arrangement. 

Specific  design  approach  features  of  the  OTW  reduction  gear  unit  are 
as  follows: 

• FI  ex  lb  11  i ty  - Both  tlie  input  and  output  members  of  the  system 
are  flexibly  mounted  to  prevent  engine  deflections  from 
Influencing  gear  operation. 

• Controlled  Gear  Deflections  - Rims  of  the  sun  and  ring  gears 
are  contoured  so  that  their  deflections  match  the  deflection 
in  the  star  gears. 

• Self-Aligning  Star  Gears  - Double-row  spherical  roller  bearings 
are  used  to  allow  the  star  gears  to  align  themselves  with  the 
sun  and  ring  gears  and  thereby  minimize  the  effects  of  carrier 
deflections.  Bearing  outer  race  is  integral  with  the  star  gear 
to  obtain  maximum  bearing  capacity  in  minimum  space. 

• Non factoring  Hunting  Teeth  - This  combination  of  numbers  of 
teeth  results  in  minimum  vibration,  low  noise,  and  long  life. 

• Modular  Concept  - Can  be  installed  and  removed  as  a unit. 
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In  addition  to  hunting  teeth,  the  design  approach  Includes  the  following 
low  noise  features: 

• Precision  AGMA  quality  13  gears 

• Contact  ratio  of  2 

• Gear  diametral  pitch  ® 7.1884 

• 21°  pressure  angle 

• Modified  involute  at  tip  and  root 


9.5  DESIGN  ANALYSIS  AND  RESULTS 

9.5.1  Design  Conditions 

The  detail  design  of  the  OTW  reduction  gear  has  been  conducted  in 
accordance  with  the  operating  conditions  defined  in  Table  9-III  for  the 
Flight  Engine  Cycle.  Upon  completion  of  the  design  the  stresses  were 
evaluated  at  operating  conditions  established  by  the  experimental  engine 
duty  cycle  (Table  9-IV) . Results  indicated  that,  although  the  stress  levels 
were  highest  during  the  fan  mapping  portion  of  the  experimental  engine  cycle, 
they  fell  within  operating  limits  previously  found  to  be  acceptable  by  both 
Curtiss-Wright  and  General  Electric. 


Table  9-III.  OTW  Reduction  Gear  Flight  Cycle, 


Flight  Cycle 


Condition 

Fan 

Power 

% 

Fan 

Speed 

/o 

Start 

0 

0-30 

Idle 

10 

67 

Takeoff 

100 

100 

Climb 

79.00 

95 

Cruise 

57.00 

94 

Descent 

3.34 

35 

Approach 

54 

82 

Reverse 

100 

100 

Idle 

10 

67 

100%  Fan  powe'^  = 12,703  lew  (17, 
100%  Fan  speed  - 404,4  rad/sec  (3 


Time 

% 

Oil-in 

Temperature 

° K 

° F 

1.11 

- 

- 

6.89 

339 

150 

2.71 

355 

180 

22.22 

355 

180 

31.11 

375 

216 

22.22 

396 

254 

6.67 

385 

180 

0.18 

355 

180 

6.89 

339 

150 

5 hp) 

i2  rpm) 

200 


Teble  9-lV.  OTW  Reduction  Gear  Experimental  Engine  Cycle. 


Experimental  Engine  Cycle 


Hours 

% Time 

% Turbine  Speed 

% Turbine  Power 

1 

0.04 

105 

100 

1 

0.05 

100 

140 

15 

0.56 

100 

130 

15 

0.56 

100 

110 

150 

5.59 

100 

100 

500 

18.64 

90 

80 

1000 

37.28 

75 

50 

1000 

37.28 

30 

10 

100%  Turbine  power  = 12,813 
100%  Turbine  speed  = 833.8 

kw  (17,183  hp) 
rad /sec  (7962  rpm) 

9.5.2  Materials 


Table  9-V  lists  the  materials  used  in  the  O'n^  gear  set.  The  gear 
materials  are  the  same  as  those  utilized  in  the  YT49  reduction  gear  design. 


Table  9-V.  Gear  Set  Materials. 


Sun  gear 

AMS 

Star  gear 

AMS 

Ring  gear 

AMS 

Carrier  support 

AMS 

Bearing 

- Inner  race 

AMS 

- Rollers 

AMS 

- Cage  (steel) 

AMS 

- Outer  race  (integral 

AMS 

with  star  gear) 


6265  - carburized  - silver  plate 
6265  - carburized  - shot  peen 
6470  - nitrided 

6415  - RC32-36 

6490  - CEVM  M-50  steel,  R^  60  rain. 

6490  - CEVM  M-50  steel,  60  min. 

6414  - silver  plated 
6265  - carburized,  R^  60-63 
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y*5.3  Reduction  Gear  Geometry 


Final  OTW  reduction  gear  geometry  details  are  summarized  in  Table  9-VI. 
Without  exception  all  resulting  design  details  are  consistent  with  good 
reduction  gear  design  practice  based  on  the  experience  of  both  Curtiss-Wright 
and  General  Electric. 


9.5.4  Stress  Analysis 

The  stress  analysis  approach  and  results  are  summarized  in  Figures  9.4, 
9.5,  and  916  for  the  sun,  star,  and  ring  gears,  respectively.  Conventional 
compressive  and  bending  stress  levels  were  calculated  for  the  OTW  flight 
duty  cycle  using  the  American  Gear  Manufacturing  Association  (AGMA)  recom- 
mended procedure.  Also  shown  in  the  figures  are  allowable  compressive  and 
bending  stress  levels  based  on  AGMA  and  Curtiss-Wright  experience.  As  shown, 
the  calculated  stresses  fall  V7ell  within  the  limits  set  by  AGMA  for  infinite 
life. 


In  addition  to  the  conventional  gear  teeth  compressive  and  bending 
stresses,  an  attempt  was  made  to  combine  the  bending  stresses  with  the  rim 
stresses.  Referring  to  Figure  9.4  for  the  sun  gear,  rim  stresses  were  calcu- 
lated at  three  circumferential  locations,  Stations  I,  II,  and  III.  The  sun 
gear  teeth  are  in  mesh  with  the  star  gear  teeth  at  Stations  I and  II,  but  out 
of  mesh  at  Station  III.  The  tooth  bending  stress,  ± 23,818  B/cixfi  (±  34,545 
psi) , was  directly  added  to  the  rim  stress  at  Stations  I and  II  to  determine 
the  combined  stress.  It  should  be  noted  that  this  represents  a conservative 
approach,  since  the  maximum  rim  and  bending  stresses  actually  do  not  occur 
at  the  same  location.  As  shown  in  Figure  9.4,  the  maximum  positive, 

45,420  N/cm^  (65,874  psi),  and  negative  -16,299  N/cm^  (-23,640  psi),  combined 
stresses  occur  at  Stations  I and  II.  These  two  numbers  then  were  used  to 
define  the  alternating  stress,  35,668  N/cm^  (44,757  psi),  and  the  steady- 
state  stress,  14,560  N/cm^  (21,117  psi),  plotted  on  the  Goodman  diagram.  As 
shown,  the  resulting  stress  condition  falls  within  the  limit  line  for  infinite 
life.  The  same  procedure  was  used  to  substantiate  the  star  gear  (Figure  9.5) 
and  the  ring  gear  (Figure  9.6)  designs. 


9.5.5  Design  Oil  Flow  Rates 

The  design  oil  flow  rates  based  on  the  flight  cycle  conditions  are  pre- 
sented in  Table  9-VII.  Oil  inlet  temperatures  were  defined  by  General 
Electric  on  the  basis  of  overall  engine  heat  balance  studies.  The  maximum 
limit  for  the  bearing  outer  race  temperature  was  established  at  422°  K 
(300°  F) . As  shown,  the  calculated  maximum  bearing  outer  race  temperature 
occurs  at  the  cruise  operating  condition.  Available  oil  pressure  at  any 
given  operating  condition  is  a function  of  the  core  engine  speed.  The 
required  bearing  oil  flow  at  the  cruise  conditions,  together  with  the  oil 
supply  pressure,  established  the  bearing  oil  flow  orifice  control  size.  The 
controlling  operating  condition  for  oil  flow  to  the  gears  based  on  gear 
scoring  criteria  is  takeoff.  With  the  bearing  and  gear  oil  orifice  control 
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Table  9-VI.  OTl^  Reduction  Gear  Geometry 


No.  of  teeth 
Diametral  pitch 
Pressure  angle 
Pitch  diameter 

Center  distance 

Base  diameter 

Tooth  thickness  at  P.D. 

Backlash 

Root  radius  (min.) 


Sun  Gear 


Star  Gear 


Ring  Gear 


81  43 

7.1884  7.1884 

21“  21“ 


167 

7.1884 

21“ 


286.2  mnj  151.9  nun  590.1  mm 

(11.268  in.)  (5.982  in.)  (23.232  in.) 


219.1  mm  219.1  mm 
(8.625  in.)  (8.625  in.) 


267.2  mm  141.8  nun 

(10.520  in.)  (5.585  in.) 


550.9  mm 
(21.689  in.) 


5.375  mm 
(.2116  in.) 

.102-. 152  mm 
(.004-. 006  in.) 


5.725  nun 
(.2254  in.) 

.102-. 152  ran 


5.375  mm 
(.2116  in.) 

.127-.  203  nnn 


(.004-. 006  in.)  (.005-. 008  in.) 


1.12  nmi  1.37  mm  .864  nun 

(.004  in.)  (.054  in.)  (.034  in.) 


Contact  ratio 
(no  edge  break) 
(max  edge  break) 


2 184  2 , 183 

2.075  2.057 


Gear  face  width 


37.6  nun  42.7  imn  37.6  nun 

(1.48  in.)  (1.68  in.)  (1.48  in.) 
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Combined  Rim 


Table  9-VII,  OTW  Reduction  Gear  Total  Oil  Flows  (SI  Units) 

Flight  Cycle 


Condition 

Total  Star 
Brg.  Flow, 
cm^/sec 

Flow  to  Gears 
(Spray  Bars), 
cm^/sec 

Total  Oil 
Flow 
cm^/sec 

Oil  in 
“ K 

Idle 

381 

630 

1011 

339 

Takeoff 

639 

1208 

1847 

353 

Climb 

626 

1172 

1798 

353 

Cruise 

622 

1154 

1776 

375 

Descent 

512 

955 

1467 

396 

Approach 

586 

1119 

1705 

353 

Reverse 

639 

1208 

1847 

353 

Idle 

381 

630 

1011 

339 

Brg.  Outer 


^Controlling  condition 


Table  9-VIIa.  OTW  Reduction  Gear  Total  Oil  Flows  (English  Units) 

Flight  Cycle 


Condition 

Total  Star 
Brg . Flow , 
gal /min 

Flow  to  Gears 
(Spray  Bars) , 
gal /min 

Total  Oil 
Flow 
gal /min 

Brg.  Outer 
Race  Temp. 
° F 

Idle 

6.04 

9.99 

16.03 

150 

219 

Takeoff 

10.13 

19.14 

29.27 

180 

283 

Climb 

9.92 

18.58 

28.50 

180 

275 

Cruise 

9.87 

18.29 

28.16 

216 

300* 

Descent 

8.12 

15.14 

23.26 

254 

271 

Approach 

9.29 

17.73 

27.02 

180 

257 

Reverse 

10.13 

19.14 

29.27 

180 

283 

Idle 

6.04 

9.99 

16.03 

150 

219 

^Controlling  condition 


sizes  set,  the  resulting  total  oil  flows  at  each  operating  condition  were 
established.  The  engine  will  be  capable  of  providing  flow  rates  significantly 
higher  than  the  design  values,  should  component  or  engine  tests  Indicate  that 
Increased  oil  flow  rates  are  desirable. 


9.5.6  Reduction  Gear  Efficiency 

Overall  reduction  gear  efficiency  Is  determined  by  calculating  losses 
for  the  spherical  roller  bearings,  gear  meshes,  and  for  churning  and  windage. 
These  losses  are  presented  in  Table  9-VIII,  As  shown  at  takeoff,  the  estimated 
reduction  gear  efficiency  is  99.1%,  which  is  slightly  less  than  the  objective 
level  (99.2%).  It  should  be  noted  that  roughly  half  the  losses  are  in  the 
gears,  while  the  bearings,  churning,  and  windage  make  up  the  balance. 


9.5.7  Heat  Rejection 


Total  heat  generated  due  to  the  losses  In  the  gears,  and  the  effect  of 
this  heat  on  the  temperature  of  the  oil  supplied  to  the  gears  for  the  flight 
cycle,  is  shown  in  Table  9-IX,  The  resulting  bulk  oil  temperatures  do  not 
exceed  the  capabilities  of  either  MIL-L-7808  or  MIL-L-23699. 


9.5.8  Gear  Scoring 

Tabulated  in  Table  9-X  are  gear  scoring  index  data  based  on  the  AGMA 
method  of  analysis.  A maximum  scoring  index  of  422°  K (300°  F)  was  used  in 
the  design.  Although  AGMA  gear  scoring  data  indicate  this  falls  within  the 
medium  risk  range,  both  General  Electric  and  Curtlss-Wright  experience 
indicate  that  scoring  does  not  occur  in  high  quality  gearing  at  this  scoring 
index.  During  the  experimental  engine  ground  test  program,  the  oil  inlet 
temperature  to  the  gears  will  be  maintained  at  a low  level  to  minimize  any 
risk  of  scoring.  As  shown  in  the  table,  the  calculated  maximum  value  of 
the  AGMA  gear  scoring  index  occurs  at  the  takeoff  and  reverse  thrust  oper- 
ating conditions. 
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Table  9-VIII.  OTW  Reduction  Gear  Efficiency  (SI  Units) 


Flight  Cycle  Power  Loss  - kw 


Condition 

Spherical 

Brg. 

Gear  Mesh 

Churn  & 
Windage 

Total 

Overall 

Efficiency 

% 

Idle 

11.46 

4.62 

1.52 

17.60 

98.63 

Takeoff 

26,32 

49.97 

37.72 

114.01 

99.11* 

Climb 

23.85 

39.48 

27.34 

90.67 

99.10 

Cruise 

20.60 

28.49 

13.94 

68.03 

99.07 

Descent 

3.46 

1.84 

0.13 

5.43 

9c.  73 

Approach 

18.31 

26.99 

13.77 

59.07 

99.15 

Reverse 

26.32 

49.97 

37.72 

114.01 

99.11 

Idle 

11.46 

4.62 

1.52 

17.60 

98,63 

*Spec  99, 

.20% 

Table  9-VIIIa.  OTW  Reduction  Gear  Efficiency  (Engligh  Units) 
Flight  Cycle  Power  Loss  - hp 


Condition 

Spherical 

Brg. 

Gear  Mesh 
Gear  Mesh 

Churn  & 
Windage 

Idle 

15.37 

6.19 

2.04 

Takeoff 

35.30 

67.01 

50.59 

Climb 

31.98 

52.94 

36,66 

Cruise 

27.62 

38.20 

25.40 

Descent 

4.64 

2.47 

0.17 

Approach 

24.55 

36.19 

18.46 

Reverse 

35.30 

67.01 

50.59 

Idle 

15.37 

6.19 

2.04 

Total 


152.90 
121.58 

1.22 
7.28 
9.20 

152.90 
23.60 


Overall 

Efficiency 

% 


99.11* 

99.10 
99.07 
98.73 
99.15 

99.11 
98.63 


*Spec  99.20% 
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Table  9-IX.  OTW  Reduction  Gear  Heat  Rejection  (SI  Units) 

Flight  Cycle 


Condi tion 

Total  Loss 
kw 

Delta  Rise 
in  Bulk 
Oil  Temp. 

® K 

Oil-in 
Temp. 
“ K 

Bulk  Oil 
Temp. 

° K 

Idle 

17.60 

8.63 

339 

348 

Takeoff 

114.00 

31.20 

355 

386 

Climb 

90.62 

25.47 

355 

381 

Cruise 

68.01 

19.85 

375 

395 

Descent 

5.43 

1.97 

397 

399 

Approach 

59.04  i 

17.51 

355 

37^ 

Reverse 

1 

114.00 

31.20 

355 

j 

386 

Idle 

1 

17.60 



8.63 

339 

348 

Table  9-IXa.  OTW  Reduction  Gear  Heat  Rejection  (English  Units) 

Flight  Cycle 


Condition 

Total  Loss 
j Btu/min 

Delta  Rise 
in  Bulk 
Oil  Temp, 

° Y 

Oil-in 
Temp. 
“ F 

1 

Bulk  Oil 
Temp. 

" F 

Idle 

1001 

15.53 

150 

166 

Takeoff 

6486 

56.15 

180 

236 

Climb 

5157 

45.85 

180 

226 

Cruise 

3870 

35.73 

216 

252 

Descent 

309  ! 

3.54 

254 

258 

Approach 

3360 

31.51 

180 

212 

Reverse 

6486 

56.15 

180 

236 

Idle 

1001 

15.53 

150 

166 

E 


y 


i*  v-X.  OW  Kouiu't  iou  luMi*  Scoring  Index 
!•’ light  I’yolo 


01 1 In  r 


A0Mx\  XV 


oiu  1 1 ion 


Idle 

rakool t 

01  imb 

OruiKo 

Doscont 

Approach 

Rovcrnc 

Idle 


" !• 

" K 

l‘d) 

2H8 

180 

82 1 

180 

111 

21(1 

2‘i.'( 

2t)2 

180 

180 

I'.O 

2(uS 

A0^L\  Scoring  Index 


I.  1/ 
117.88 
100.01 
78.')! 
11.8? 
78.02 
117. 88 
21.17 


OiMit rol  1 ing  cond i t ionn 


V . ' . 'i  Star  .oear  Ilea  ring 

The  selected  star  gv'ar  be.irlng  cent' ignrat  ion  is  illustrated  in  Figure 
^1.7.  bearing  design  leaturi's  includi'.' 

• Pouhle-row  spherical  roller  bearing 

• Integral  star  gear  and  outer  race 

• "Convi'iu  ioual"  inner  race,  roller,  and  cage 

• tU  I ti'cd  tlu’vnig.h  center  of  imu'r  race 

This  spherical  roller  bearing  was  chosen  as  the  prinu'  caiulldate  vui  past 
experience  Vviith  similar  bearings  in  the  Ourt  iss-Wr ight  YTaP  turboprop  engine 
llrst-stagi'  redact  ion  gi'ars  aiul  t lu>  recommendat  ions  by  t lu'  ySKi'  Hear  ing, 
dorjiorat  ion. 

Table  h-Xl  shows  the  average  loads  and  speed  used  to  determine  the 
bearing  Hi  life  ot  UOOO  hours.  The  calculations  indicate  that  the  hearings 
can  meet  reiiui  rements.  Details  ot’  bearing  sire,  gev'metry,  anil  the  el  feet  oi 
radial  loosem'ss  are  discusseil  in  I’aragraph  D.u.l. 

Table  h-Xl,  Hearing  bile  Prediction  (.Star  Gear'). 

Flight  Cycle 

tUib  1 c mean  I oad 
^(ean  speed  (.rpm) 

Hi  Hie  (.hours') 


l7‘Vb'»  N fh).'i2  in') 
I0‘lb4 

b02b 


9.5.10  Wei^^ht 


The  weights  of  the  reduction  gear  components  and  the  overall  gear  weight 
for  the  OTW  experimental  engine  are  presented  in  Table  9-Xll. 

Table  9-XII.  OTW  Reduction  Gear  Weight  Sununary. 


leg  lb 


Sun  gear  assembly 

8.07 

17.80 

Ring  gear 

12.42 

27.38 

Star  nuts 

2.07 

4.58 

Carrier 

23.00 

50.70 

Stars 

37.26 

82.14 

Manifold 

1.80 

3.98 

Spray  bars 

0.27 

0.61 

Misc. 

4.99 

11.00 

Total 

89.88 

198.19 

9.6  GOMi’ONKNT  TEST  PROGRAMS 


9.6.1  Star  Gear  Bearing  Tests 


From  the  start  of  the  QCSEE  program  the  star  gear  bearing  has  been  con- 
sidered as  the  most  critical  reduction  gear  element.  This  is  particularly 
true  for  the  OTW  engine  where  the  bearing  speeds  arc  much  higher  than  those 
of  the  UTW  engine.  To  ensure  successful  operation  of  the  bearings,  a compo- 
nent test  program  was  conducted  by  Curtiss-Wright.  A schematic  of  the  bearing 
test  rig  is  shown  in  Figure  9.8,  and  a photograph  of  the  rig  is  presented  in 
Figure  9.9.  The  bearing  tested  was  an  available  SKF  bearing  very  similar  in 
design,  but  slightly  larger  than  the  OTW  bearing,  and  slightly  smaller  than 
the  UTW  bearing.  Teats  were  conducted  to  simulate  the  more  severe  OTW  operat- 
ing conditions.  The  teat  results  are  summarized  in  Table  9-XII 1,  As  sho^cn, 
skidding  was  encountered  at  low-power,  high-speed  conditions  during  the  first 
test.  Evaluation  of  the  data  indicated  that  thn  large  bearing  clearance  and 
a low  oil  flow  rate  resulted  in  the  skidding  problem.  The  clearance  was 
reduced,  and  the  tests  were  extended  to  cover  all  critical  engine  operating 
modes.  No  further  problems  were  encountered.  Based  on  these  test  results,  it 
has  been  concluded  that  the  selected  OTW  bearing  design  will  perform  satis- 
factorily during  the  engine  test  program. 
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Figure  9,8„  Bearing  Test  Rig  Schematic, 


A comparison  of  the  size  and  operation  parameters  of  the  SKF  Double-Row 
Spherical  Roller  Bearing  in  different  star  gear  bearing  applications  is 
presented  in  Table  9-XIV.  Applications  include  the  YT49  turboprop  engine 
primary  reduction  gear,  the  UTW  and  OTW  reduction  gears,  and  the  test  bearing 
for  the  Curtiss-Wright  evaluation. 


9.6.2  Reduction  Gear  Back-to-Back  Test 

Back-to-back  tests  of  the  OTW  reduction  gear  are  planned  during  the 
second  quarter  of  1976.  A schematic  of  the  test  rig  is  presented  in  Figure 
9.10.  As  shown  in  the  figure,  two  reduction  gear  units  will  be  run  back  to 
back.  Simulated  loads  will  be  applied  by  hydraulic  cylinders  at  the  torque 
plates.  With  this  type  of  test  setup,  the  input  power  requirement  is  only 
that  required  to  overcome  the  losses  in  the  system,  which  are  only  2 to  3% 
of  the  design  power  transmission  level  of  a single  gear  unit. 

As  indicated  in  Figure  9.10,  the  engine  geometry  and  scavenge  system 
will  be  simulated  on  the  test  gear  sot  side  of  the  rig.  During  the  rig 
tests  the  reduction  gear  power  levels,  speeds,  and  oil~in  temperatures  will 
be  simulated  over  the  range  of  flight  cycle  operating  conditions.  Objective 
of  the  test  is  to  verify  operating  characteristics,  including  oil  flow,  heat 
rejection,  efficiency,  gear  tooth  pattern,  adequacy  of  gear  lubrication 
(absence  of  scoring)  and  bearing  performance.  Satisfactory  completion  of 
these  tests  will  provide  the  necessary  confidence  in  the  reduction  gear 
design  prior  to  engine  test. 


217 


Scavenge  Screen 


SECTION  10.0 


ENGINE  CORE  AND  LOW  PRESSURE  TURBINE  DESIGN 


10.1  SUMMARY 


In  order  to  minimize  development  risk  and  expense  in  the  QCSEE  program, 
the  FlOl  core  and  low  pressure  turbine  were  selected.  Moreover,  to  capitalize 
on  the  advanced  state  of  development  of  these  components,  the  qualified  PFRT, 
or  YFlOl,  design  was  specified  insofar  as  practical.  Several  exceptions  to 
this  approach  exist.  The  following  components  are  different  from  the  PFRT 
configuration : 

1.  Accessory  drive  gear  mount 

2.  Compressor  IGV  and  inner  flowpath 

3.  Compressor  stator  actuator  and  feedback 

4.  Compressor  first  stage  rotor  blade  airfoil 

5 . Combustor 

6.  HP  turbine  diaphragm  area 

7.  LP  turbine  diaphragm  area 

8.  LP  turbine  No.  2 blade 

9.  Turbine  frame 

10.  Balance  piston  arrangement 

11.  PV  HP  turbine  shrouds 

12.  Warm  bridge  HP  turbine  blade 


10.2  DESIGN  REQUIREMENTS 

The  FlOl  core  and  low  pressure  turbine  were  proposed  for  the  QCSEE  engines, 
because,  in  addition  to  providing  desirable  cycle  and  thrust  size,  this  core 
engine  employs  suitable  advanced  technology  components. 

A major  consideration  in  the  detail  core  selection  has  been  the  desire 
to  retain  as  much  "qualified"  hardware  as  practical.  Therefore,  the  PFRT 
configuration  has  been  specified  in  all  areas  except  those  discussed  in  the 
following  paragraphs. 


10.3  ENGINE  CORE  MODIFICATIONS 


The  following  specific  deviations  from  the  PFRT  configuration  are  planned 
for  the  OTW  engine. 
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10.3.1  Accessory  Drive  Gear  Mount 


Tlie  FlOl  internal  accessory  drive  bevel  gears  are  mounted  in  a 17-4PH 
steel  casting.  Tliis  casting  is  bolted  to  the  aft  inner  flange  of  the  fan  frame. 
Because  of  the  higher  bypass  ratio  of  the  OTW  engine,  the  aft  ring  of  the 
composite  frame  interferes  with  this  gear  mount  casting.  The  solution  to  this 
problem  was  to  reverse  the  casting  and  bolt  it  to  the  forward  ring  of  the 
frame  as  shown  in  Figure  10.1. 

In  addition,  the  OTW  experimental  engine  will  have  two  radial  drive 
shafts;  one  driving  the  top-mounted  accessories  and  another  driving  the 
scavenge  pump,  located  in  the  lower  core  cox^l  region.  This  requirement  can 
be  readily  satisfied  by  using  two  sets  of  bevel  gears  and  two  support  castings 
in  each  engine.  (The  casting  occupies  less  than  180®  of  the  mounting  flange.) 


10.3.2  Compressor  IGV  and  Inner  Flowpath 

In  order  to  increase  the  margin  between  maximum  core  rpm  and  panel  vibra- 
tion in  the  first  stage  compressor  blade,  the  A2-IGV  FlOl  PV  configuration 
has  been  substituted  for  the  48-IGV  FlOl  PFRT  configuration.  Tlais  change  is 
discussed  further  under  paragraph  10.3.4. 

The  FlOl  inner  flowpath  in  the  IGV  region  is  sho\%Ti  as  a heavy  line  in 
Figure  10.2.  Because  of  the  higher  bypass  ratio  and  lower  fan  exit  radius 
ratio  in  the  OTW  engine,  difficulty  was  encountered  in  fairing  into  this  flow- 
path  contour  from  the  fan  frame  with  acceptable  aerodynamic  flow  lines.  There- 
fore, a modification  was  made  to  the  inner  ring  of  the  inlet  guide  vane,  as 
shown  in  the  figure. 


10.3.3  Compressor  Stator  Actuator 

The  FlOl  compressor  has  been  developed  to  optimize  efficiency  and  flow 
at  reduced  corrected  speeds,  as  required  by  its  higher-Mach-number  mixed 
mission.  For  use  in  the  0TI\^  engine,  higher  airflow  is  desired,  consistent 
with  existing  rpm  and  limits.  Operation  at  greater  than  100%  corrected 

speed  would  result  in  a severe  compressor  efficiency  loss. 

Fortunately,  as  a part  of  the  FlOl  compressor  development,  various 
other  stator  schedules  have  been  tested.  One  of  the  demonstrated  schedules 
delivei*s  significantly  higher  corrected  flow  at  high  corrected  speeds,  which 
meets  the  OTl^  requirements. 

The  OTW  stator  schedule  is  shown  in  terms  of  IGV  setting  angle  versus 
corrected  core  speed  in  Figure  10.3. 

Increased  vane  travel  is  required  to  achieve  the  higher  airflow,  necessi- 
tating several  minor  modifications  in  the  actuator  and  linkages. 


221 


Figure  10.1,  Accessory  Drive  Gear  Mount. 
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Figure  10.3.  OTW  Compressor  Stator  Schedule. 


1.  llio  vano  ai'tuator  stroko  must  bo  luoroasod  from  7.7^7  om  (3. O'*  In.) 
to  8.8^  om  ( US  In.) . 

2.  A now  St  ago  3 boHorank  must  bo  provided. 

3.  Tbo  rod  t'nd  of  tho  Stago  3 1 Inkago  must  bo  shortened  about  0.127  cm 
(0.0'>0  in.). 

4.  Bolts  and  nuts  in  tlio  aotuativn  assonil>ly  bolloranks  must  bo  roplaood 
with  flathoad  pins  to  pormit  thorn  to  pass  botwoon  tho  actuation 

s up  p o r t im*  mb  o r s . 

b.  In  tho  FlOl  ongino,  compressor  stator  angle  is  cd  back  to  tho 

control  by  moans  of  spl  Inod  shaft.  l’\>r  use  with  tho  full  authority 
digital  control  in  tho  O'nv  engine,  an  l.VOT  electric  feedback  is 
sub St Itutod. 


10.3.4  Compressor  First  Stage  Rotor  Blade  Airfoil 

Although  tho  ri'RT  first  stage  compressor  blade  has  proven  satisfactory  In 
the  FlOl  engine,  it  has  been  found  to  exhibit  aerodynamic  instability  in  Lite 
part  speed  regiini  if  the  stators  are  mis-rigged  opened  from  the  nominal  sche- 
dule. To  provide  further  assurance  against  operational  problems,  the  FlOl 
I’V  airfoil  has  been  selected  for  the  QCSKF  engines.  This  airfoil  is  slightly 
tliicker  than  the  I’FRT  design  and  does  not  have  the  leading  and  trailing  edges 
cropped  at  the  tip. 

Previous  testing  of  the  PV  airfoil  indicates  no  aerodynaiulc  instability 
and  no  vibratory  problems  \\;hen  run  with  the  FlOl  I'V  42-vane  ItlV.  Therefore, 
this  configuration  has  been  selected  lor  the  033'J  engine. 

Figure  10.4  shovs's  the  engine  speed  margin  provided  for  takeofi  operation 
as  a function  ol  ambient  temperature  on  the  day  of  testing.  Also  shown  ai'o 
the  other  limits  that  would  come  into  play  only  during  fan  mapping  with 
elevated  operating  lines.  Rotor  speed  limits  will  be  set  to  ensure  adequate 
I reijueney  margin  at  all  .imbient  tempemt  ures. 


U1 . 3 . S Combust  or 

The  selected  FlOl  PFRT  combustor,  which  incorporates  a scroll  carbureting 
doiik',  provides  a substantial  d!ita  base  t3>r  the  development  of  low  emissions 
technology.  Rector  burning  (.fueling  ol  only  part  of  the  fuel  injectors)  will 
be  employed  to  reduce  IlC  and  CO  omissions  at  idle,  but  these  emission  levels 
will  not  meet  the  QC8FK  goals.  Tl.e  combustor  will  meet  tlie  NOj.  goal;  the 
smoke  requirements,  .is  determined  by  rig  testing,  will  probably  be  met. 

Altlunigh  the  PFRT  combustin'  will  be  used  in  the  OTO  engine  tests,  addi- 
tional work  Is  under  cons  iderat  ion  to  develop  a new  liouble  Annular  Dome  Com- 
bustor tor  QC8FF.  based  on  the  NASA-CK  Clean  t'ombustor  program. 
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10.3.()  UP  Turhtuo  Diaphragm  Aroa 


Figure  10*5  shows  tho  oomprossor  oharaotorlst io  solooted  for  the  OlV 
engine.  Because  of  the  reduced  cycle  pressure  ratio  of  the  OW  engine  com- 
pared to  the  FlOl  cycle,  both  the  HP  and  LP  turbine  effective  areas  require 
adJustiiK’nt  to  satisfy  turbine  flow  function  requirements. 

By  increasing  tlie  HP  turbine  etfective  area  by  5%  and  decreasing  the 
LP  turbine  effective  area  by  5%,  the  compressor  can  be  made  to  operate  at  a 
more  favorable  point. 

'Ihe  means  for  adjusting  turbine  area  is  to  rotate  the  vanes  slightly 
to  open  or  close  the  throat  dimension.  Figure  10. b Illustrates  the  degree  of 
rotation  needed  for  a 5S  Increase  in  HP  turbine  area.  Tliis  will  be  accomplished 
by  rotating  the  tool  usv»d  to  KOM  tiie  vane  slots  in  the  bands.  Modified  inspec- 
tion fixtures  are  also  required. 


1 • 7 LP  Turbine  Diaphragm 

In  the  case  of  the  LP  turbine,  5!','  reduction  of  area  is  accomplished  by 
similar  means.  In  either  case  the  change  In  throat  dimt'uslon  (Do)  is  less 
than  0.05  cm  (0.020  in.).  Figure  10.7  Illustrates  this  adjustment  in  the  LPT 
stage  one  diaphragm. 


10.3.8  Low  Pressure  Turbine  Second  Stage  Blade 

In  the  OTW  engine,  the  higher  energy  extraction  of  the  LF  turbine  results 
in  an  increase  in  exit  swirl  which  will  be  removed  by  using  longer  straighten- 
ing vanes  in  the  turbine  frame.  However,  to  minimi ne  the  required  turning  in 
these  vanes,  and  to  provide  more  predtotable  angles  of  attack  on  the  vanes,  it 
was  deemed  advisable  to  incorporate  a modified  second  stage  LPT  blade.  This 
blade  is  slightly  decambered  in  the  vicinity  of  the  pitch  line  and  is  the 
blade  currently  specified  for  the  FlOl  PV  configuration. 


1 0 . 3 . ‘)  Turbine  FraiiK^ 

Modif ications  to  the  FlOl  turbine  fi'ame  to  extract  greater  swirl  and  to 
adapt  the  frame  structurally  to  meet  the  OTW  requirements  are  described  in 
detail  in  Sections  10.4  and  10.5. 


10.3. 10  Balance  Piston 

introduction  of  a reductioi^  gear  between  the  low  pressure  turbine  and 
the  tan  of  the  OTW  engine  effectively  cuts  the  load  path  normally  used  to 
balance  fan  plus  IPT  rotor  net  thi'ust  force.  Therefore,  the  rear  sump  area 
will  be  modified  to  incorporate  a pneximatlc  piston  to  balance  part  of  the 
tuiTine  rotor  thrust.  The  design  of  the  halanc'  piston  is  discussed  in  detail 
in  Section  1.1.5. 
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Figure  10.6.  High  Pressure  Turbine  Stator  Assembly. 
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Figuri  10,7.  Low  Pressure  Turbine  Stage  1 
Stator  Assembly. 


10.3.1 1 PV  Turblno  Shrouds 


The  stationary  shrouds  at  the  tips  of  the  h±^l\  pressure  turbine  blades 
consist  of  Poroloy  rub  pads  welded  to  structural  support  segments.  Some 
shroud  failures  have  occurred  in  FlOl  PFRT  engines  wherein  the  Poroloy  pads 
crack  and  small  pieces  break  out.  Although  no  secondary  damage  has  been 
observed,  an  improved  shroud  design  has  been  released  for  the  FlOl  QT  (PV) 
engine.  This  design  uses  a coarser  wire  in  the  Poroloy,  a revised  layup 
pattern,  and  additional  support  points.  Since  the  shroud  is  fully  inter- 
changeable  with  the  PFRT  design,  it  has  been  specified  for  the  0T\^  core. 


10.3.12  Warm  Bridge  HP  Turbine  Blade 

Another  change  being  introduced  in  the  FlOl  PV  engine  is  the  warm  bridge 
tuidiine  blade.  This  design  employs  serpentine  cooling  air  passages  with 
loading  edge  film  discharge,  and  trailing  edge  pin-fin  cooling,  in  place  of 
the  impingenK?nt  insert  design  used  in  the  PFRT  blade.  Test  experience  has 
indicated  a much  superior  endurance  life  with  the  warm  bridge  blade.  Tlio 
blades  can  be  substituted  in  the  same  disk;  however,  minor  modifications 
are  required  in  the  retainers  to  adjust  axial  blade  clamping  :ind  in  the  cool- 
ing air  Inducer  to  increase  airflow  0.5%  of  W25.  These  changes  have  been 
specified  for  the  011^  engine. 


10.4  LOW  PRESSURE  TURBTNF  FRAME  AI-:R0DYN/\M1C  DESIGN 

10 . 4 . I Introduction 

The  OTW  low  pressure  turbine  is  a slight*  modification  of  the  FlOl  low 
pressure  turbine  operating  at  an  increased  pressure  ratio.  The  increased  tvir- 
bine  exhaust  swirl  necessitated  a modification  to  the  present  FlOl  frame/OGV 
aerodynamic  geometry.  The  frame/OGV  was  redesigned  for  low  noise  and  low  loss 
ch  ar  ac  t e r i s t i c s . 

A single-frame  couf igura t ion  has  been  designed  to  satisfy  the  requi renKn*its 
of  both  the  UTIv^  and  OTO  engiiTOs.  Frame  design  modif icat ions  related  to  UIV 
engine  requirements  are.,  therefore,  included  in  the  following  discussion. 


10.4.2  Design 


Design  Point  Selection 


The  turbine  operating  point  for  the  frame/OGV  aerodynamic  design  was 
selected  to  avoid  off-design  modes  where  separation  and  consequent  core  noise 
can  occur  at  critical  engine  operating  points.  Based  on  initial  cycle  data, 
turbine  off-design  vector  diagram  studies  \^cvo  made  at  significant  QCSEE 
operating  points  using  the  Multi-Sector  NASA  Turbine  Computer  Pi'ogram  (TCP). 

A summary  of  results  is  shown  in  Table  10.1.  The  011-7  takeoff  condition  was 


231 


Table  lO-I.  Low  Pressure  Turbine  Operating  Point  Data 


chosen  as  the  design  point,  as  this  case  represented  the  highest  turbiite 
exhaust  swirl  and  Mach  number  conditions  (excluding  maximum  cruise  points)* 
Subsequent  cycle  data  indicated  soinewhat  higher  swirl  points,  but  the  OTW 
takeoff  case  shown  was  still  considered  to  be  a reasonable  design  condition. 


Ax i symmetric  Analysis  and  Flowpath  Modification 

Axisymmetric  analysis  of  the  frame/OGV  was  done  using  the  CAFD  computer 
program.  This  calculation  accounts  for  streamline  slope  and  curvature  as  well 
as  lean  and  sweep  effects.  The  analysis  was  set  up  with  many  intrablade  cal- 
culation stations  in  order  to  analyze  endwall  Mach  number  distributions. 

First,  the  FlOl  frame  flowpath  with  an  additional  2.54  cm  (1  in.)  of  axial 
width  in  the  OGV  was  analyzed.  Based  on  the  results  of  this  analysis,  a modi- 
fied flowpath  was  selected  which  was  considered  an  aerodynamic  improvement 
(with  reduced  diffusion)  and  also  satisfied  frame  mechanical  design  and 
exhaust  system  requirements.  This  flowpath  is  shown  in  Figure  10.8. 

The  results  of  the  axisymmetric  analysis  are  shown  in  Figure  10.9.  Plot- 
ted versus  radial  height  at  the  OGV  inlet  are  the  gas  angle,  OGV  design  angle, 
and  inlet  absolute  Mach  number.  Also  shown  is  the  absolute  Mach  number  distri- 
butions on  the  inner  and  outer  walls  through  the  OGV.  The  NASA  diffusion 
factors  associated  with  this  flowpath  are: 

%oot  = 0-316 

^Pitch  ~ 0*440 

^Tip  ~ 0.18j 


Vane  Modification 


Tlie  vane  modification  involved  adding  2.54  cm  (1  in.)  of  axial  width  to 
the  present  FlOl  OGV  to  remove  the  additional  swirl.  The  change  was  made 
entirely  in  the  false  nose  extension  with  the  strut  and  aft  strut  extension 
remaining  unchanged.  Three  vane  sections  at  approximate  root,  pitch,  and 
tip  locations  were  designed  and  analyzed  using  both  the  CASC  and  CABIS  pro- 
grams. The  CABIS  (Cascade  Analysis  due  to  Beuckner,  Isay,  and  Schnacker) 
program  is  an  incompressible  analysis  while  CASC  (Cascade  Analysis  by  Stream- 
line Curvature)  gives  a compressible  solution  which  accounts  for  radius  change 
and  strearatube  thickness  variation.  The  CASC  Mach  number  distribution  for 
the  pitch  section  is  given  in  Figure  10.10  for  two  different  false  nose 
extensions.  Figure  10.10  shows  that  if  the  nose  extension  were  designed  to 
attach  to  the  strut,  as  it  presently  does  in  the  FlOl,  there  would  be  a dis- 
tinct ’’bump”  on  the  pressure  surface.  A smooth  pressure  surface  was  designed 
as  shown,  and  both  configurations  were  cinalyzed  with  CASC.  Tlie  resulting  Mach 
number  distributions  clearly  indicate  the  effect  of  the  bump.  Consultation 
with  experienced  OGV  designers  indicated  only  a small  decrement  in  performance 
associated  with  this.  However,  it  was  decided  (with  Mechanical  Design  concur- 
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Figure  10,9,  QCSEE  Turbine  Frame  A xi symmetric  Flow  Analysis 


rence)  to  modify  the  OGV  smoothly  as  shown.  CASC  Mach  number  distributions 
for  the  root  and  tip  are  shown  in  Figures  10,11  and  10.12.  Other  intermediate 
sections  were  desigt^oa  to  yield  a smooth  stack-up. 

10.4.3  Off-Design  Study 

Based  on  revised  cycle  data,  an  off-design  study  was  undertaken  to  evalu- 
ate the  OGV  performance  at  several  significant  operating  points.  Vector  dia- 
grams for  the  low  pressure  turbine  operating  at  the  takeoff,  approach,  and 
maximum  cruise  points  for  both  the  UW  and  OTW  engines  were  calculated  with 
the  TCP  program.  A summary  of  these  results  was  shown  in  Table  10,1.  Axisym- 
metric  analyses  for  the  OTW  takeoff  case  (design  point)  and  the  UTW  approach 
and  m.-ximum  cruise  points  (representing  extremes  in  operation)  were  made  using 
the  CxAFD  program.  These  results  are  shown  in  Figure  10.13  plotted  versus 
radial  height  at  OGV  inlet  are  the  gas  angle,  OGV  design  angle,  and  Mach 
number.  Also  shown  are  the  absolute  Mach  number  distributions  on  the  inner 
and  outer  walls  through  the  OGV  for  the  UTW  approach  and  maximum  cruise  posi- 
tions , Root,  pitch,  and  tip  vane  surface  Mach  number  distributions  for  these 
cycle  points  were  obtained  using  the  CASC  program.  These  are  shown  in  Figures 
lb.; 4,  10.15,  and  10.16.  At  the  OTl^  takeoff  point,  the  Mach  number  distribu- 
tion.- are  satisfactory,  and  therefore  they  are  satisfactory  at  the  less 
severe  approach  and  cruise  points. 


10 .5  LOW  PRESSURE  TURBINE  FRAME  MECHANICAL  DESIGN 
10 . S 1 Summary 

The  tTirbine  frame  used  in  the  OTW  engine  is  a modification  of  the  FlOl 
turbine  frame.  Figure  lOd?  illustrates  the  major  design  features,  and 
Table  lO-II  summarizes  the  differences  from  the  FlOl  frame. 


Table  lO-II.  Summary  of  Design  Changes. 

Item  Change  Reason 

• Vane/Strut  Extended  fon^ard  fairing  Reduce  exit  swirl 


• Outer  ring 


• Flowpath  liners 


• Outer  casing 


• Inner  casing 


Larger  cross  section 


Recontour 


New  structural  part 


Thickened  and  added 
flanges 


Change  mounting 
system  to  accommo- 
date pylon 

Improve  aero  flow- 
path 

Support  exhaust 
nozzle 

Support  center- 
body 
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Figure  10.11.  CASC  Mach  l^umber  Distributi 


10.5.2  Design  Requirements 


In  addition  to  the  maneuver  loads  shovm  in  Section  2.0,  the  following 
specific  design  criteria  were  established : 


Max.  maneuver  loads  at  operating  temperatures 
1-1/2  times  max.  maneuver  loads  at  operating  temp. 
Blade-out  loads  at  operating  temp. 

1-1/2  times  buckling  loads  at  operating  temp. 
Transient  thermal  plus  Ig  load 
4g  vibratory  load 


< 0.2%  Y.S. 

< UTS 

Maintain  engine 
support 

< 0.2%  Y.S. 

< 0.2%  Y.S. 

< Goodman  diagram 


In  conjunction  with  the  above  limit  loads,  the  primary  gas  temperature 
profile  used  for  frame  analysis  is  shown  in  Figure  10.18. 


10 . 5 . 3 Design  Description 

The  OTW  turbine  frame  consists  of  an  outer  frame,  14  aerodynamic  vane/ 
struts,  flowpath  liners,  a hub  structure,  and  inner  and  outer  support  casings. 
Figure  10.19  is  a schematic  of  the  OTW  engine  mounting  system. 

Tlie  outer  frame  structure  c«insists  of  the  outer  casing  with  a three-link 
engine  mount,  flowpath  lines,  and  support  casing  for  exhaust  system. 

Since  the  OTW  pylon  necessitates  a top-mounted  frame  configuration,  a 
three-link  system  has  been  employed.  These  links  take  vertical  and  side  loads 
and  rolling  moments. 

Since  the  three-link  configuration  concentrates  the  mount  reactions  at 
the  top  of  the  frame,  the  outer  ring  section  properties  must  be  increased. 

This  results  in  a larger  ring  section  '.s  shown  in  Figure  10.20.  Details  of 
the  revised  outer  ring  are  shown  in  Figure  10.21. 

In  addition  to  engine  mounting  provisions,  the  outer  casing  extends  aft 
from  the  outer  frame,  to  support  the  core  exhaust  nozzle. 

In  order  to  axially  straighten  the  exhaust  gas,  greater  turning  must  be 
provided  through  the  14  vane/struts.  These  vane/struts  are.  assemblies  consis- 
ting of  a central  structural  section  with  leading  and  trailing  edge  fairings 
having  the  cross  section  shown  in  Figure  10.22.  The  fairings  are  nonload- 
carrying members,  with  the  leading  edge  fairing  sawcut  at  intervals  to  relieve 
thermal  stress.  The  leading  edge  fairings  are  modified  to  accept  the  higher 
turbine  exit  swirl  in  the  OTW  engine. 

Bearing  loads  are  transferred  through  the  central  structural  portion  of 
the  struts.  Tlie  inner  ends  of  the  struts  are  bolted  to  the  hub  through  foot 
pad  extensions.  The  outer  ends  are  assembled  to  the  outer  frame  through 
uniball  connections  designed  to  carry  loads  (but  not  moments). 
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Figure  10,21.  Outer  Ring  Support 


LE  False  Nose 


Figure  10.22,  Turbine  Frame  Strut,  Cross  Section. 
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The  rear  fairinge  act  as  vane  trailing  edges  and  are  attached  to  the 
central  strut  section  by  slip  joints,  providing  for  thermal  expansion.  The 
outer  ends  of  the  re-'.r  fairings  are  riveted  tv.  the  exhaust  support  casing,  and 
the  inner  ends  are  supported  by  pin  joints  whch  are  attached  to  the  structural 
strut. 


As  shown  in  Figure  10.17,  a cast  hub  forms  the  inner  structural  member 
of  the  frame.  It  is  composed  of  fon^/ard  and  aft  flanges  connected  by  a shear 
cylinder.  Additional  stability  is  provided  by  14  gussets  connected  to  the 
forward  and  aft  flanges.  Mounted  off  the  forward  flange  are  the  forward 
liner  support  and  inner  turbine  seals,  while  the  aft  flange  supports  the  bear- 
ing and  sump  housing  and  the  nozzle  centerbody. 

Inner  and  outer  flowpath  liners  are  contoured  to  provide  a smooth  aero- 
d)mamic  passage  from  the  turbine  to  the  exhaust  nozzle  and  centerbody.  In 
addition,  the  liners  protect  the  hub  from  contact  with  the  hot  gas,  allowing 
improved  thermal  matching  with  the  outer  structure. 

The  inner  liner  is  formed  in  segments  between  struts.  The  liner  is 
supported  along  its  axial  length  as  shown  in  Figure  10.17.  The  outer  liner 
is  also  segmented  between  struts,  with  the  exhaust  support  casing  forming  a 
separate  continuous  part  behind  the  liners.  The  outer  liner  is  supported  from 
the  outer  casing  and  outer  ring  flow  path  support,  and  is  fabricated  from 
Hastelloy-X  material. 

The  space  between  the  flowpath  liners  and  structural  struts  is  purged  by 
turbine  rotor  cooling  air.  In  order  to  minimize  losses  from  purge  air  reenter- 
ing the  gas  stream,  a fishmouth  seal  is  brazed  to  the  strut  along  the  inner 
flowpath  as  shown  in  Figure  10.23.  The  purge  air  reenters  the  gas  stream  aft 
of  the  strut  extensions. 


10-5.4  Design  Analysis 

An  analytical  model  representing  the  turbine  frame  system  was  developed. 
The  GE  computer  program  ”MASS”  was  used  to  determine  loads,  stresses,  and 
deflections.  The  model  consisted  of  plates  in  the  form  of  rectangles  and 
squares.  These  geometric  sections  were  joined  to  form  the  cylindrical  and 
conical  surfaces  of  revolution.  The  struts  were  modeled  as  beams  with  varia- 
tions of  section  properties  along  their  length.  The  outer  mount  ring  was 
modeled  as  curved  beams.  Variation  of  physical  properties  along  the  circum- 
ference was  included  in  the  analysis. 

The  forward  and  aft  hub  flanges  were  modeled  as  curved  beams  and  connected 
to  the  shear  cylinder  which  is  modeled  as  curved  plates.  The  axial  gussets 
in  the  hub  were  connected  to  the  hub  flanges  and  to  the  shear  cylinder  plates. 
The  outer  strut  ends  were  connected  to  the  outer  ring  mount  using  a boundary 
condition  that  allows  rotation  with  no  moment  transfer  to  the  xnotint.  The 
three  locations  at  the  outer  mount  system  connect  to  ground  through  uniballs. 

Results  of  the  analysis  were  as  follows: 


251 


Fishmouth  Seals 


igure  10.23.  Turbine  Frame  Strut  Fishmouth 


Stoady-Stato  Plus  lOG  Landin^t  at  TompoiMturo 


Lc>ading  and  strosaos  aro  shown  In  Figuro  10.24.  Table  10. Ill  summarizes 
the  nuiximum  orfeetlve  stresses  for  the  various  components.  All  parts  meet 
the  design  criteria  under  this  loading  condition. 


Struf  Buckl Ing 

This  condition  was  based  on  establishing  the  transient  time  under  which 
tlu'  maximum  strut  combined  stress  due  to  compression  and  bending  would  occur. 
Tills  was  based  on  a 50-second  excursion  from  start  to  maximum  sea  level  thrust 
based  on  the  temperatures  shown  in  Figure  10.2  . The  strut  weld  joint  was 
found  to  be  the  most  critical  element,  as  defined  in  Figure  10.26.  Interac- 
tion between  the  strut  longitiulinal  compi’ossion  and  bending  determined  the 
effective  buckling  stxvss.  The  villowable  stress  in  compression  zind  bending 
established  the  margin  of  safety  of  l,5h. 


Transient  plus  IF  Load 

Using  tlie  50-second  transient  condition,  the  effective  stresses  and 
loads  are  presented  in  Figure  10.27.  Table  10. IV  summarizes  the  maximum 
effective  stresses  for  the  components,  together  with  the  resulting  margins 
of  safety.  Maximum  steady-state  plus  4g  vibratory  are  the  coiihired  loads 
existing  under  uornuil  operating  conditions.  The  Campbell  dlagr'.ms  shomi  in 
Figures  10.28  and  10.2^  reflect  these  combined  loads  for  the  hub  and  struts. 
Maximum  combined  loads  under  temperature  for  the  struts  were  found  to  be  at 
the  inner  strut  weld  line.  Stress  concen tration  factors  (K«p)  have  been  applied 
to  the  vibratory  stive..  . 


Pin  Reaction  ami  Link  Attachment 


Inco  718  mounting  pins,  2.22  cm  (7/8  in.)  In  diameter,  have  been  selected 
for  the  OTW  roar  mount  . Pin  load  react  ions  for  OTO  lor  tlu*  hladi-out  condi- 
tion arc  shown  in  Table  lO-V.  Table  lO-VI  reflects  the  pin  mount  loads  due 
to  maneuvers.  Tlie  frame  loads  shown  in  Table  10-VIl  reflect  the  OW  miit 
loadings.  As  CvUi  be  seen  from  the  tables,  the  pin  diameter  was  detonnined  by 
the  b lad e -o u t c o n d i t ion. 


Pin  Reaction  Mounting  laig  Design 

The  mount  lug  design  is  based  on  withstanding  the  maximum  load  due  to 
ono  blade  out  and  iiki  iiitaining  engine  support.  Maximum  stress  levels  occur 
due  to  shear  tearout  across  the  net  seetion  eomhined  with  bending.  Under  this 
condition  the  design  strength  far  excet'ds  the  limit  imposed  by  the  load, 
figure  10.50  shows  tlu'  hlade-out  lug  margin  of  safety. 
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Table  lO-III.  Turbine  Frame  Maneuver  Stresses,  Maximum  Steady-State  Plus  10  G Down  Loading 
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Figure  10.26.  Turbine  Frame  Strut  Buckling. 
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Figure  10„27.  Turbine  Frame  Stresses  and  Loads  - 50  sec  Transient  plus  1 G Load. 
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Table  10-V.  OTW  Turbine  Frame  2.22  cm  (7/8  In.)  Pin 
Mount,  1 Blade  Out. 


Load 

Effective  Stress 

N 

LB 

kN/ cm^ 

ksl 

MS 

56047 

12600 

12.6 

18.2 

7.68 

167070 

37560 

37.4 

54.1 

1.92 

208620 

46900 

46.7 

67.6 

1.33 

eff 

^ult  - Ultimate  strength  of  Inco  718  bar  at  700°  K (800°  F) 

^eff  - Effective  stress  of  2.2  cm  (7/8  in.)  pin  under  double  shear. 


Tabic  10- VI.  OTW  Engine  Mount  Reaction  Load  Due  to  Maneuver 
2.22  cm  (7/8  in.)  Mount  Pin. 


Maneuver  Condition 

«S 

[aii  conditions  include 

N 

N 

N 

90,295  N,  (20,  300  lb)  Thrust] 

(lbs) 

(lbs) 

(lbs) 

10  G Down,  2 G Side 

42,919 

44,987 

54,115 

(9,649) 

(10,114) 

(12,166) 

10  G Down,  1.5  G Side,  2 G Fwd 

23,948 

41,980 

40,588 

(5,384) 

(9,438) 

(9,125) 

6 G Down,  4 G Side,  2 G Fwd 

108,274 

67,543 

108,233 

(24,342) 

(15,185) 

(24,333) 

6 G Down,  4 G Side,  3 G Aft 

118,900 

56,917 

108,233 

(26,731) 

(12,796) 

(24,333) 

4 G Side,  4 G Fwd 

120,105 

55,712 

108,233 

(27,002) 

(12,525) 

(24,333) 

4 G Side,  3 G Aft 

134,980 

40,837 

108,233 

(30,346) 

(9,181) 
i 

(24,333) 

OTW  engine  weight  used  is  1 

,805  kg  (3,980  lbs) 

Table  10-VII.  OTW  Engine  Mount  Reaction  Loads  for 
2.22  cm  (7/8  in.)  Pin. 


Maneuver 

»L.  >• 

(lbs) 

1 G Down 

2,682 
+ ’ 

(603) 

1 G Side 

29,441 
+ ’ 

(6619) 

1 G Aft 

2.122 

+ 

^ (477) 

1 F Accel 

67 

(15) 

1 P Vel 

13,664 

(3072) 

1 Y Accel 

62 

+ 

(14) 

1 Y Vel 

15,679 

(3525) 

1 Thrust  (Aft) 

10,836 
+ ’ 

(2436) 

(lbs) 


2,682 

(603) 


14,509 

(3262) 


2,126 

(478) 


6,401 

(1439) 


Rfi.  N 
(lbs) 


27,057 
(6083 ) 


36,372 

(8177) 


15,679 

(3525) 


^ 10,835 
(2436) 


OTW  engine  weight  = 1.805  kg  (3,980  lbs) 


Blade“Out  Load 


The  turbine  frame  xvas  designed  to  meet  UTW  engine  composite  blade-out 
requirements.  It  was  then  analyzed  for  OTW  loads,  shown  in  Figure  10.31-A, 
representing  the  unbalance  resulting  from  loss  of  one  titanium  airfoil.  The 
analysis  indicated  that,  at  this  load  condition,  the  stress  in  the  weld  at 
the  foot-pad/strut  leading  edge  would  reach  79  kN/m2  (115  ksi).  This  would 
exceed  the  material  ultimate  strength  less  three  standard  deviations  of  63.4 
kN/m2  (92  ksi).  Furthermore,  subsequent  system  s...  lies  have  shown  still 
higher  blade-out  loads  as  shown  in  Figure  10.31-B. 

While  the  analysis  Indicated  that  the  frame  cannot  withstand  the  blade 
loss  without  local  failure,  it  is  considered  acceptable  for  the  experimental 
program  for  the  following  reasons. 

1.  The  analysis  did  not  consider  plastic  deformation  and  the  result- 
ing stress  redistribution. 

2.  Possible  cracking  in  the  foot  pad/strut  weld  should  not  be  cata- 
strophic because  sufficient  rotor  support  remains  to  allow  engine 
shutdown. 

3.  The  titanium  fan  blades  have  been  designed  using  an  airfoil  contour 
suitable  for  composite  construction.  This  results  in  abnormally 
high  loads  in  the  very  unlikely  event  of  airfoil  loss.  Much 
greater  blade-out  capability  would  be  available  in  a flight  con- 
figuration using  composite  airfoils. 


30,2%0  CB  kS  <2,6H 
241  kS  (54.3SO  Ifc) 


ernal  Loads,  Blade  Out 


Figure  10.32.  OTW  Turbine  Frame  Stresses,  One  Blade  Out  Condition. 


SECTION  11.0 


BEARINGS  AND  SEALS  DESIGN 


11. 1 SUMMARY 


This  section  summarizes  the  detail  design  of  the  OTW  bearings,  seals, 
and  accessory  drlvea.  The  systems  described  In  this  section  Include  Che 
sumps,  lube  oil  supply  and  scavenge,  dynamic  oil  seals,  venting  and  pres- 
surizing systems,  pump,  oil  coolers,  filters,  deaerators,  magnetic  chip 
detectors,  static  leak  check  valves,  and  the  lube  storage  tank.  Also  In- 
cluded In  this  discussion  Is  a review  of  the  bearing  and  accessory  lubri- 
cation and  cooling  systems  and  Che  rotor  thrust  balance  provisions. 

The  OTW  engine  utilizes  six  main  shaft  bearings  to  support  the  rotating 
Curbomachlnery.  The  short  construction  of  the  concentric  OTW  rotors  permits 
a two-bearlng  support  system  for  each  rotor.  The  No,  IB  and  IR  bearings 
support  the  fan  rotor.  The  high  pressure  core  rotor  Is  supported  by  the  No.  3 
and  No.  4 bearings.  The  No.  2 and  No.  5 bearings  support  the  low  pressure 
turbine  and  power  transmission  shaft.  Both  the  fan  and  low  pressure  turbine 
shaft  are  soft  coupled  Co  the  engine  main  reduction  gear  to  minimize  Induced 
loads  on  the  gears.  Tlie  thrust  bearings  have  been  located  in  the  engine 
forward  sump  to  provide  more  precise  control  of  fan  and  compressor  blade 
clearances. 

Application  of  a main  reduction  gear  between  the  fan  and  low  pressure 
turbine  requires  Chat  the  normal  axial  load  "tie"  between  fan  and  low  pressure 
turbine  components  be  severed.  As  a result,  the  No.  2 thrust  bearing  must 
react  ihe  full  aft  load  of  the  turbine  without  any  negating  forward  thrust 
from  Che  fan.  In  order  to  reduce  Che  bearing  load  to  an  acceptable  level, 
a thrust  balance  cavity  has  been  added  to  Che  rear  sump.  This  cavity  uses 
compressor  discharge  air  to  pressurize  a balance  piston,  providing  a forward 
compensating  force  on  the  turbine  rotor.  A high-load-cnpaclty  CF6  No.  1 
thrust  bearing  is  used  In  the  design  to  react  the  fan  axial  loads. 

A top-mounted  accessory  gearbox  is  driven  from  the  core  by  an  FlOl 
Internal  bevel  gearset  and  a long  radial  drive  shaft.  An  additional  FlOl 
Internal  bevel  gearset  located  in  Che  bottom  naif  of  the  engine  is  combined 
with  a short  radial  shaft  and  a second  bevel  gearset  located  In  the  core 
cowl  area  Co  drive  a vane-type  pump  that  scavenges  oil  from  both  the  forward 
and  aft  sumps.  This  pump  also  scavenges  the  top-mounted  accessory  gearbox 
which  drains  Into  Che  forward  sump. 

Tlie  lubrication  system  Is  designed  on  the  basis  of  current  dry  sump 
technology  utilizing  a circulating  oil  system.  Internal  engine  and  gearbox 
passages  are  used  wherever  possible  for  oil  delivery  and  return.  Venting 
and  pressurization  functions  also  make  use  of  Internal  engine  passages  when 
possible.  The  accessories  and  tube  tank  are  located  in  the  engine  pylon 
area. 
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Careful  attention  has  been  given  to  fire-safe  design  features.  Carbon 
seals  are  provided  for  minimal  leakage  of  pressurlsatlon  air  Into  the  sumps. 
During  normal  operation  these  seals  also  eliminate  oil  leakage  from  the  sump 
and  thus  minimize  oil  consumption.  Oil  sllngers  or  wlndbacks  are  provided 
with  the  objective  of  preventing  coke  formation  In  the  moving  parts  of  the 
seals.  Each  of  the  cavities  adjacent  to  the  sumps  are  pressurized  with 
cool  air  to  prevent  the  inflow  of  hot  gases  Into  the  sumps.  Adequate  oil 
drains  have  been  provided  to  remove  Inadvertent  oil  leakage  and  prevent 
fire  damage.  There  are  also  no  trapped  oil  pockets  within  the  rotating 
hardware . 


11.2  DESIGN  REQUIREMENTS 

The  OTW  engine  sump  and  drive  system  components  are  designed  to  meet 
the  following  requirements: 

e Design  loads  for  sumps  and  drives  components  are  derived  from 
the  duty  cycles  defined  In  Section  2.0.  Design  llfet  based  on 
these  loads,  meets  established  life  requirements. 

a Sumps  are  designed  to  scavenge  at  all  steady-state  attitudes 
shown  In  Figure  2.3. 

• The  design  Is  applicable  to  future  airline  use.  Where  slave 
hardware  Is  utilized,  no  compromises  have  been  made  that  would 
not  allow  future  adaptability  for  airline  application. 

a The  system  is  designed  to  operate  with  MIL-L-7808  or  MIL-L-23699 
oil. 

a Gearbox  and  sumps  are  vented  to  areas  where  temperatures  are 
less  than  371“  C (700“  F) . 

a The  design  eliminates  any  possibility  of  trapped  oil  in  the  rotors. 

a Where  possible,  the  experimental  engine  system  has  been  designed 
to  meet  maintainability  criteria.  Where  exceptions  occur,  due  to 
utilization  of  existing  hardware  and  components,  studies  have 
identified  changes  necessary  in  the  flight  design  to  meet 
maintainability  requirements. 


11.3  LUBRICATION  SYSTEM 


Tlie  OTW  lubrication  system  contains  the  following  subi>ystems: 
a Oil  supply 

a Oil  scavenge 


270 


• Seal  pressurization  air 

• Vent  air 

A conventional  dry  sump  system  similar  to  that  used  on  other  General 

Electric  engines  Is  provided.  The  lube  system  schematic  Is  shown  In  Figures 

11.1  and  11.2.  The  bulk  of  the  system  oil  supply  Is  retained  In  the  oil  tank. 
Oil  Is  pressure  fed  to  each  engine  component  requiring  lubrication  and/or 
cooling » and  Is  removed  from  the  gearbox  and  rear  sump  by  scavenge  pump 
elements  for  return  to  the  oil  tank. 

The  entire  lubrication  system  has  been  designed  to  ensure  that  there 
are  no  areas  where  oil  can  be  trapped  (l.e.,  rotors,  gearboxes,  shafts,  etc.) 
which  could  be  detrimental  to  the  engine.  Also,  the  system  has  been  sized 
to  prevent  flooding  of  sumps  and  gearboxes  during  engine  shutdowns  and  to 
limit  excessive  lube  tank  gulping  during  engine  start  ups. 


11.3.1  Oil  Supply  System 

The  oil  supply  subsystem  consists  of  the  oil  tank,  gearbox-mounted  oil 
supply  pump,  oil  supply  filters,  static  leak  check  valve,  oil  supply  nozzles, 
and  associated  piping. 

The  basic  lube  supply  system  operates  In  the  following  manner:  MIL-L-23699 

oil  Is  supplied  by  gravity  to  the  Inlet  of  the  supply  pump  at  all  operating 
conditions.  The  oil  Is  then  pumped  through  two  parallel-piped,  46-mlcron 
oil  supply  filters  to  protect  the  lube  nozzles  lior  contaminants.  The  oil 
then  flows  through  the  static  check  valve  and  Is  distributed  to  the  desired 
areas  In  the  engine.  Presented  In  Table  ll-I  are  the  engine  system  oil  flow 
requirements . 

During  engine  shutdowns,  sump  and  gearbox  flooding  are  prevented  by 
the  static  check  valve  located  downstream  from  the  lube  supply  filters. 

This  valve,  along  with  careful  pipe  sizing,  also  prevents  lube  flooding 
during  engine  startups. 

To  sense  oil  supply  pressure  during  engine  running,  a port  for  a 
pressure  sensor  is  provided  Immediately  downstream  of  the  static  leak  check 
valve.  This  pressure  sensor,  along  with  other  pressure  readings  taken  in 
the  sumps  and  gearbox,  provides  a AP  indication  across  the  oil  nozzles. 

The  following  special  oil  supply  features  have  been  Included  In  the 
system  design: 

• The  constant-displacement  supply  pump  has  been  modified  to  add 
a variable  bypass  orifice  to  Increase  engine  oil  flow. 

• Pressure  relief  bypass  valves  have  been  added  to  the  oil  supply 
filter  system.  These  valves  open  when  the  pressure  across  the 
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Table  ll-I.  QCSEE  Lube  Flovs  > OTW 


No.  IB  Bearing 
No.  1 Seal 
No.  IR  Bearing 
No.  2 and  3 Bearing 
No.  3 Seal 

Ho.  1 and  No.  2 Inlet  G/B 
Acceesory  G/B 
Scavenge  Pump  G/B 
Nain  Reduction  Gears 
No.  4 and  No.  5 Beaming 
No.  6 Seal 

Rad.  Shaft  Midspan  Rig 


cm^/sec 

GPM 

126 

2.00 

63 

1.00 

94.6 

1.50 

137.5 

2.18 

14.5 

0.23 

148.9 

2.36 

156.4 

2.48 

31.5 

0.50 

2032.5 

32.22 

164.0 

2.60 

37.8 

0.60 

9.5 

0.15 

3016.6 

47.82 

Flows  Referenced  to  14,460  rpm  Core  Speed 
(5977  rpm  pump  speed) 
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filters  reaches  27.6  N/cm^  (40  psld).  Thus,  If  the  filters  become 
plugged,  full  oil  flow  Is  always  supplied  to  the  engine. 


• The  static  leak  valve,  which  Is  designed  to  crack  and  reseat  at 
10.3  N/cm^  (15  psld)  has  been  strategically  placed  to  prevent 
flowing  of  oil  engine  sumps  and  gearboxes  during  shutdown. 

a 37,850  cm^  (10  gal)  supplementary  oil  resevolr,  which  Is  vented 
to  the  oil  tank  and  discharges  directly  into  the  line  leading  to 
the  lube  pump  Inlet,  This  resevolr  Is  required  to  accomodate  the 
volumetric  expansion  and  contraction  of  the  alr/oll  mixture  In 
the  large  capacity  slave  lube  system  components. 

Oil  supply  subsystem  components  selected  for  the  experimental  engine 
are  defined  In  the  following  paragraphs: 

Oil  Tank  - A TF39  oil  tank  has  been  modified  for  application  in  the  OTW 
experimental  engine  oil  supply  system.  Modifications  Include: 

a A new  vortex  generator  plate  designed  to  accept  two  CF6  deaerators 
to  handle  Increased  oil  flows. 

a Addition  of  a level  sensor  similar  to  one  used  in  the  CF6  and 
FlOl  tanks. 

a Replacement  of  the  TF39  lube  supply  port  by  a larger  port. 

a Replacement  of  the  TF39  filter  caps  with  CF6  caps.  A specially 

marked  dip  stick  also  has  been  provided  that  permits  filling 
to  the  37,850  cn<3  (10  gal)  level.  The  supplementary  resevolr  provides 
an  additional  37,850  cm^  (10  gal)  of  capacity. 

Shown  in  Figure  11.3  is  a cross  section  of  the  modified  TF39  tank. 

Lube  Supply  Pump  - A CF6  engine  lube/scavenge  pump  Is  utilized  In  the 
OTW  experimental  engine  oil  supply  system.  Specific  design  features  Including 
necessary  modifications  are  as  follows: 

a 5 CF6  Scavenge  elements  manifolded  for  OTW  lube  supply 

a Lube  bypass  variable  orifice  added  [2268  cm^/sec  (36  gpm)  at 
126  ctsr/sec  (2  gpm) /turn] 

a 276  N/cm^  (400  psl)  Lube  relief  added 

a LM2500  tach  pad  cover  and  filter  bowl  plug 

a FlOl  drive  spline  (to  mate  with  gearbox) 

a Gearcase  bolts  changed  from  AN4CH6A  to  ^9501-12  bolts  to 
Increase  vibratory  capability 

a CF6  gask-o-seals , manifold  bolts /washers,  V-band,  and  seal. 
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Figures  11.4,  11. 5»  and  11.6  show  demonstrated  pump  perfonsance. 

Lube  Filter  - Two  CF6  scavenge  filters  will  be  connected  In  parallel 
and  located  downstream  of  the  lube  pump  In  the  experimental  engine  oil 
supply  system.  Design  features  Include: 

e 46y  Nom/76p  Absolute 

e 827  N/cm^  (1200  psl)  Proof  Pressure 

e 11.0  N/cm^  (16  psl)  AP  @ 1512  cm^/sec  (24  gpm),  367“  K (200"  F) 

e 27.6  N/cm^  (40  psl)  Minimum  Bypass  AP 

e 46  clojuiable  water  elements 

A cross-section  of  the  lube  filter  Is  shown  In  Figure  11.7. 

Check  Valve  - The  lube  check  valve  located  downstream  of  the  lube 
filters  has  the  following  design  features: 

e Proof  pressure  414  N/cm^  (600  pslg)  without  leakage  or  distortion 

e Cracking  and  reseat  pressure  Is  10.3  N/cm  (15  psld) 

e Capability  of  operation  with  lube  temperature  range  of  233“  K 
(-40"  F)  to  450“  K (+  350"  F)  for  either  oils  conforming  to 
MIL-L7808  or  MIL-L-23699. 


ll»3-2  Oil  Scavenge  Subsystem 

The  scavenge  subsystem  consists  of  a three-element  pump,  slave  filter, 
slave  oil  cooler,  oil  deaerators  in  the  oil  tank,  and  other  associated 
hardware . 

The  basic  scavenge  subsystem  operates  In  the  following  manner:  oil  in 
the  top-mounted  accessory  gearbox  flows  by  gravity  into  the  forward  sump 
through  drain  pipes  where  it  Is  combined  with  the  forward  sump  scavenge  oil. 
This  combined  oil  Is  then  scavenged  by  the  bottom-mounted  scavenge  pump. 

Oil,  which  lubricates  the  scavenge  pump  drive  system.  Is  scavenged  by  a 
separate  element  located  within  the  pump.  Aft  sump  scavenge  oil  is  piped 
forward  to  the  bottom-mounted  scavenge  pump  and  scavenged  by  a third  element . 
Each  element  is  provided  with  an  Inlet  screen  and  magnetic  citlp  detector. 

The  Inlet  screens  catch  any  debris  which  Is  larger  than  can  be  passed  through 
the  pumping  element  without  causing  damage  or  excessive  wear.  The  magnetic 
chip  detectors  collect  ferrous  particles  to  help  condition  monitor  the 
sumps  and  gearbox  components.  More  detailed  Information  is  available  through 
spectrographlc  analysis  of  collected  debris. 

Total  engine  scavenge  flow  Is  discharged  through  a common  port  and 
routed  through  a static  check  valve  (integral  with  the  pump)  Into  the  10-micron 
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Flow 


Figure  11.6.  Relief  Valve  Flow  Vs.  Discharge  Pressure  at  6977  rpm 


Outlet 


Figure  11.7.  Lube  Filter. 
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scavenge  filter.  The  oil  then  flows  to  the  system  heat  exchanger  where  the 
heat  load  of  the  main  shaft  bearings,  seals,  sump  walls,  gearboxes,  and 
piping  Is  transferred  to  the  coolant.  The  oil  Is  then  returned  to  the  tank 
where  deaerators  remove  entrained  air  and  condition  the  oil  for  reuse  by  the 
supply  system. 

Special  features  of  the  scavenge  subsystem  Include: 

• A static  check  valve  in  the  discharge  line  to  prevent  flooding 
of  the  sump 

e Chip  detectors  at  all  scavenge  pump  Inlets  for  condition  monitor- 
ing of  accessory  drives,  sumps,  and  bearings 

e A pressure  relief  bypass  valve  on  the  scavenge  filter,  which 
opens  when  the  pressure  across  the  filter  reaches  27.6  N/cm^ 

(40  psi) , to  ensure  continuous  flow  to  the  tank 

• A service  shutoff  valve  in  the  filter  to  minimise  oil  loss 
during  filter  elen«nt  changes 

Major  scavenge  system  component  features  are  summarized  in  the  following 
paragraphs : 

Scavenge  Pump  - design  features  of  the  scavenge  pump,  shown  schematically 
in  Figure  11.8,  are  as  follows: 

• 3 Elements  (main,  rear  sump,  gearbox,  scavenge)  5166,  473,  126  cm^/sec 
(82,  7.5,  2.0  gpm)  minimum,  respectively 

• 9144  m (30,000  ft)  altitude  design  [3.0  N/cm^  (4.4  psia)  inlet] 

• Inlet  screens  and  push-turn  magnetic  plugs  at  all  Inlets 

• Static  leak  check  valve  [1.36  - 2.76  N/cm^  (2-4  psi)  crack] 

• Mini-element  (gearbox  scavenge)  is  metering  element  discharging 
into  main  inlet  to  prevent  priming  problems 

• 6700  rpm  input  (rear  and  gearbox  elements)  geared  to  2931  rpm 
for  main  element 

Detail  design  information  for  the  three  scavenge  pump  elements  is 
presented  in  Table  11-11.  Test  results  are  shown  in  Figures  11.9  and  11.10. 

Scavenge  Filter  - specific  design  characteristics  of  the  slave  scavenge 
filter  are: 

2 9 

• Pressure:  rated  276  N/cm  (400  psi),  proof  414  N/cm^  (600  psi), 

burst  862  N/cni2  (1250  psi) 
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Table  ll-II,  QCSEE  Scavenge  Element  Predicted  Perfo 


Figure  11,9.  Scavenge  Pump  Main  Element  Flow  Vs.  Inlet  Pressure 


(200®  F) 


• Temperature  range:  233“  to  810“  K (-40*  to  + 350“  F) 

• Element  collapse  pressure:  103  N/cm  (150  psld) 

2 

e Bypass  valve  cracking  pressure:  34.5  ± 3.4  N/cm  (50  ± 5 psld) 

e Visual  bypass  Indication:  27.6  - 3.4  N/cm^  (40  ± 5 psld) 

e Pressure  drop  at  3150  cm^/sec  (50  gpm)  * MIL-L-7808 
Housing:  2.07  N/cm^  (3.0  psl) 

Element : 2.07  vT/cm^  (3.0  psl) 

Total  4.14  N/cm^  (6.0  psl) 

e Materials:  Anodized  Aluminum*  AISI  1010  Carbon  Steel*  Epo:^ 

Painted . 


11.3.3  Vent  Subsystem 

Venting  of  the  oil  seal  pressurization  air  from  the  suiq>  cavities  Is 
accomplished  through  the  gearbox.  The  rear  sump  Is  vented  through  the  low 
pressure  turbine  shaft  to  the  forward  sump.  The  forward  sump  is  vented  to 
the  accessory  gearbox.  The  air  In  the  gearbox  Is  vented  overboard  through 
a rotating  alr/oll  separator.  Air  which  Is  separated  from  the  scavenge 
oil  In  the  lube  tank  is  returned  to  the  accessory  gearbox.  This  air  Is 
required  at  all  conditions  to  satisfy  the  scavenge  ratio  requirements  of 
the  scavenge  punq>. 

The  vent  flow  areas  have  been  sized  to: 

• Maintain  the  sump  internal  pressure  below  outside  cycle  air 
pressure 

• Prevent-  reverse  airflow  across  the  oil  seals  during  rapid 
power  rc'ductlons 

• Continue  engine  operation: 

- with  one  seal  failed  from  any  cause  Including  coking 

- with  the  remaining  seals  at  their  maximum  service  leakage 
limit 


11.3.4  Flight  Engine  Thermal  Balance 

The  flight  engine  lube  oil  is  cooled  by  transferring  heat  to  the  engine 
fuel  as  well  as  bypass  fuel  which  is  returned  to  the  fuel  tanks.  The  engine 


heat  balance  study  showed  that,  on  a 32®  C (90®  F)  day  at  100%  rates  reduction 
gear  power,  this  type  of  system  will  probably  provide  the  required  82®  C 
(180^^  F)  oil  needed  to  maintain  149®  C (300®  F)  maximum  gear  temperature  with 
50®  C (122®  F)  fuel  inlet  temperature.  The  fuel  bypass  will  absorb  the  pump- 
ing temperature  rise.  The  engine  heat  loads  shown  in  Table  ll-III  were 
determined  from  the  November  1,  1974  QCSEE  Technical  Requirements  and  the 
September  5,  1974  Curtiss-Wright  Gearing  Data.  Heat  loads  from  the  reduction 
gearbox  and  the  engine  lube  systems  have  been  calculated  for  each  flight  con- 
dition and  are  tabulated  in  Table  11-IV. 

Additional  studies,  outside  the  QCSEE  work  scope,  are  required  to  obtain 
a total  system  understanding  of  a recirculating  fuel  system  for  future  air- 
craft application.  These  studies  must  include  fuel  cooling,  wing  tank  cooling, 
flight  envelope  considerations,  and  the  impact  of  circulating  and  storing 
heated  fuel. 


11.3.5  Heat  Exchanger 

A General  Electric  LM2500  engine  lube  oil  heat  exchanger  module  has  been 
selected  as  a ‘^lave  heat  exchanger  for  the  OTW  experimental  engine.  This  heat 
exchanger  is  ,»s  all-steinless-steel  heat  exchanger  offering  527,950  J/sec 
(30,000  Btu/min)  with  6300  cm^/sec  (100  gpm)  of  200°  K (80®  F)  water.  Oil 
side  pressure  drop  of  the  heat  exchanger  is  less  than  6.9  N/cm^  (10  psi)  at 
3024  cm3/sec  (48  gpm).  Water  side  pressure  drop  is  less  than  6.9  N/cm^ 

(10  psid).  Table  li-V  and  11-VI  show  predicted  bearing  race  and  AGMA  scoring 
temperatures  for  estimated  and  derated  reduction  gear  efficiency.  All  tem- 
peratures are  below  the  limit  of  148.9®  C (300®  F)  of  9310  steel. 


11,3.6  Seal  Pressurization  Subsystem 

Oil  leakage  can  potentially  contribute  to  seal  coking  and  contamination 
of  compressor  bleed  air,  as  well  as  increasing  the  engine  oil  consumption.  In 
order  to  prevent  oil  leakage,  the  mainshaft  oil  seals  are  pressurized  to  force 
air  to  flow  across  the  seals  into  the  sumps  at  all  operating  conditions. 

The  compressor  stage  for  extraction  of  seal  pressurization  air  has  been 
selected  to  have  adequate  pressure  to  prevent  the  hot  engine  cycle  air  from 
entering  the  sumps  and  yet  low  enough  in  temperature  d'^i."‘Jng  higher-Mach- 
number,  hot-day  operation  to  permit  the  oil  seals  to  meet  cheir  required 
life.  Pressurization  air  is  extracted  at  the  hub  of  the  third  stage  compres- 
sor rotor  and  routed  internally  within  the  engine  to  both  the  fon^7ard  and 
rear  sump  oil  seals.  Air  from  the  hub  of  the  compressor  is  used  because  it 
contains  the  minimum  contamination.  For  ground  idle  ‘Operation,  shop  air  will 
be  provided  to  the  aft  sump  to  ensure  that  hot  gas  wii  not  back-flow  into  the 
system.  A higher  pressure  source  could  be  used  in  a fli  bt  engine  if  required. 

Oil  sea]  drains  are  provided  in  the  forward  sump  oil  seals  to  remove  any 
seal  leakage  which  could  contaminate  the  compressor.  Since  these  drains 
carry  fluid  only  in  the  case  of  a seal  failure,  the  forward  sump  seal  drains 
are  routed  overboard.  The  aft  sump  seal  drains  are  routed  to  the  flowpath 
aft  of  the  low  pressure  turbine. 
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Table  II-IV.  Predicted  Heat  Leeds  and  Oil  Flows, 


Condition 

Reduction 

Gearbox 

kw/Btu/mln 

Engine 

Lube, 

kw/Btu/mln 

Total 

Q. 

kw/Btu/mln 

Oil  Flow,* 
kg/mln/lbs/mln 

Gldle 

1.02/58 

5.97/340 

7.0/398 

80.7/178 

Takeoff 

’ .1.5/6345 

68.2/3880 

179.7/10225 

140.6/310 

Climb 

109.7/6245 

62.2/3542 

171.9/9787 

139.3/307 

Cruise 

60.7/3456 

56.3/3203 

117. 0/6659 

133.8/295 

Descent 

20.2/1151 

24.4/1391 

44.7/2542 

113.4/250 

Approach 

57.1/3250 

41.7/2374 

98.8/5624 

127.0/280 

Max.  Fan 

133.8/7614 

68.1/3878 

201.9/11492 

142.0/313 

Torque 

*8.866  X 10"^  kg/cm^  (7.4  Ibs/gal) 


Table  11-V. 


Predicted  Temperatures  - (1300  cm^/sec  (100  gpm) 
(80^^  F)  Cooling  Water, 


Condition 

AGMA 

AT, 

“C/“F 

Bearing 
Race  AT, 
"C/°F 

Scav 

Oil, 

“C/“F 

Lube 

Oil, 

°C/°¥ 

Bearing 

Race,* 

“C/‘’F 

AGMA 

Scoring 

Index,* 

°C/“F 

Gldle 

-15.5/4 

-13.9/7 

29.4/85 

26.7/80 

30.6/87 

28.9/84 

Takeoff 

46.1/115 

37.8/100 

78.3/173 

41.1/106 

96.7/206 

105.0/221 

Climb 

45.6/114 

35.6/96 

70.0/158 

34.4/94 

87.8/190 

97.8/208 

Cruise 

21.7/71 

19.4/67 

61.7/143 

36.1/97 

73.3/164 

75.6/168 

Descent 

-2.2/28 

0/32 

41.7/107 

30.0/86 

47.8/118 

45.6/114 

Approach 

24.4/76 

24.4/76 

57.2/135 

34.4/94 

76.7/170 

76.7/170 

Max.  Fan 
Torque 

56.1/133 

38.3/101 

84.4/184 

43.3/110 

99.4/211 

117.2/243 

*9310  Steel  148*9^  C (300°  F)  Limit 


291 


Table  11-VI.  Derated  Reduction  Gear  Efficiency  6300  car/»9C  (100  gpm) 


(80  F)  Water  Cooling. 


Red.  Gear  Total 

Efficiency  Q 


Condition 

X 

kw/Btu/min 

Gldle 

96.63 

8.49/483 

Takeoff 

97.11 

430.2/24483 

Climb 

97.10 

415.9/23666 

Cruise 

97.07 

247.6/14091 

Descent 

96.73 

76.5/4355 

Approach 

97.15 

233.2/13271 

Max.  Fan 
Torque 

97.11 

502.6/28602 

Lube 

Oil, 

"C/“F 

Bearing 

Race*** 

•C/’F 

AGMA 

Scoring 

Factor,* 

•C/*F 

27.2/81 

31.1/88 

27.8/85 

61.7/143 

117.2/243 

125.6/258 

60.0/140 

113.3/236 

123.3/254 

46.7/116 

83.9/183 

86.1/187 

32.8/91 

50.6/123 

48.3/119 

45.6/114 

87.8/190 

87.8/190 

67.8/154 

123.9/255 

141.7/287 

*9310  Steel  = 148. C (300'’  F)  Limit. 


U.4  ROTOR  THRUST  BALANCE 


In  addition  to  the  loads  resulting  from  flight  naneuvera  and  misalign- 
ment, the  main  shaft  bearings  of  a turbofan  engine  are  subjected  to  axial 
loads  which  are  the  result  of  the  axial  aerodynamic  forces  on  the  turbo- 
machinery blading,  plus  pressure  forces  on  the  rotor  components.  Generally 
these  thrust  loads  can  be  minimized  by  adjusting  the  radial  location  of  one 
or  more  labyrinth  seals. 

The  core  engine  (high  pressure  compressor  and  high  pressure  turbine)  of 
the  FlOl  uses  a conventional  method  of  thrust  balancing,  l.e..  the  forward 
compressor  load  and  aft  turbine  load  are  balanced  by  radially  adjusting  the 
labyrinth  seals  to  provide  the  balancing  gas  loads.  The  net  axial  thrust 
load  is  taken  at  the  No.  3 ball  bearing. 

The  rotor  thrust  balance  situation  for  the  low  pressure  rotor  (fan  and 
low  pressure  turbine)  of  a geared  fan  system  is  quite  different  from  that  of 
a conventional  turbofan  engine.  This  is  Illustrated  in  Figure  11.11.  Loads 
shown  are  typical  for  the  takeoff  condition  of  the  OTW  engine.  In  the 
conventional  engine,  the  low  pressure  midshaft  ties  the  turbine  rotor  to 
the  fan  rotor  so  that  the  thrust  bearing  reacts  only  the  difference  in  thrust 
between  the  rotors.  The  OTW  engine  has  a reduction  gear  which  axially  dis- 
connects the  fan  from  the  LP  turbine.  Therefore,  each  rotor  system  (fan  and 
LP  turbine)  must  have  its  own  thrust  bearing.  Figure  11.11  shows  schematically 
the  difference  between  a conventional  system  and  a geared  system  to  support 
the  OTW  fan  rotor  thrust  loads  high  load  capacity  ball  bearing  from  the  CF6 
engine.  This  bearing  is  identified  as  the  No.l  ball  bearing  in  the  OTW  engine. 
A balance  piston  arrangement  has  been  applied  to  the  low  pressure  turbine 
rotor  to  minimize  the  axial  thrust  loads  on  the  rotor  thrust  bearing  (No,  2 
ball  bearing) . 

Rotor  thrust  bearing  design  conditions  and  loads  are  discussed  for  the 
fan,  core,  and  LP  turbine  rotor  systems  In  the  following  paragraphs. 


11.4.1  Fan  Rotor  Balance 

Thrust  forces  considered  in  determining  the  axial  loads  acting  on  the 
fan  rotor  thrust  (No.  IB)  bearing  are  identified  in  Figure  11.12.  Results  of 
the  analyses,  based  on  the  OTW  experimental  engine  duty  cycle,  are  presented 
in  Table  11-VlI. 

The  No.  1 bearing  cubic  mean  thrust  load  for  the  experiniental  duty  cycle 
is  42.07  kN  (9457  lb).  Based  on  a specific  dynamic  capacity  of  308.7  kN 
(69,400  lb)  and  a radial  load  of  4.002  kN  (900  lb),  this  bearing  has  a 
calculated  BiO  life  of  21,775  hours.  A material  life  multiplier  of  5 was 
used  in  this  analysis. 
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59,161  N (13,300  lb) 


55,603  N (12,500  lb) 


3559  N (800  lb) 


Net  Load 


Conventional  Low  Pressiy'e  System 
OTW  Takeoff  Conditions 


59,161  N (13,300  lb) 


55,603  N (12,500  lb) 


21,351  N (4,800  lb) 


Net  Load 


Reduction  Gea: 


Geared  Low  Pressure  System 
OTW  Takeoff  Conditions 


Figure  11.11.  Schematic  of  Conventional  and  Geared 
LP  Drive  Systems. 


Figure  11,12,  OTW  Fan  Thrust  Load  Vectors 


Table  11-VIl.  Fan  Rotor  Thrust  Qio.  IB)  Bearing  Axial  Loads 


Item 

Case  No. 

m. 

X Fan  Power 

% Time* 

M** 

lbs** 

1 

946 

105 

100 

3982 

.04 

57.6 

12,949 

2 

926 

102.9 

106.7 

3904 

.60 

58.9 

13,244 

3 

945 

101.5 

105.5 

3848 

.55 

59.2 

13,303 

4 

1 

101.5 

101.2 

3848 

5.59 

56.2 

12,635 

5 

947 

90 

82 

3414 

18.64 

49.5 

11,134 

6 

948 

75 

52 

2845 

37.29 

36.7 

8242 

7 

949 

30 

5 

1138 

37.29 

9.4 

2142 

ik 

Total  operational  time  • 2682  hours 

ftit 

Sign  Convention:  + ■ forward 


Table  11-VIII.  Core  Engine  Rotor  Thrust  (No.  3)  Bearing  Axial  Loads. 


Item 

Case  No. 

X Time* 

H.P.  Spool  (rpm) 

kN** 

lbs** 

1 

946 

.04 

13883 

-7.6 

-1717 

2 

926 

.60 

14078 

-10.8 

-2429 

3 

945 

.55 

14075 

-7.0 

-1580 

4 

1 

5.59 

13924 

-8.5 

-1902 

5 

947 

18.64 

13612 

-7.0 

-1584 

6 

948 

37.29 

12939 

-7.6 

-1718 

7 

949 

37.29 

10G66 

-1.4 

-309 

Total  Operational  Time  > 2682  hours 

kk 

sign  Convention:  + ■ forward 
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11.4.2  Core  Engine 


High  pressure  rotor  (UP  compressor  and  HP  turbine)  thrust  load  vectors 
considered  In  the  core  engine  thrust  balance  analysis  are  shown  In  Figure 
11.13.  The  HP  rotor  thrust  (No.  3)  bearing  net  axial  loads  resulting  from  these 
vectors  are  presented  in  Table  ll-VIlI  for  the  OTW  experimental  engine  duty 
cycle . 


The  No.  3 bearing  cubic  mean  thrust  load  for  the  experimental  duty 
cycle  Is  6.67  kN  (1501  lbs).  Based  on  a specific  dynamic  capacity  of  95.99 
kN  (21,580  lbs)  and  a radial  load  of  0.89  kN  (200  lbs),  this  bearing  has  a 
calculated  Bio  life  of  13,560  hours.  A material  life  multiplier  of  5 was 
used  In  this  analysis. 


11.4.3  Low  Pressure  Turbine  Rotor 


Low  pressure  turbine  thrust  balance  load  vectors  considered  In  the 
rotor  thrust  balance  analysis  are  shown  In  Figure  11.14.  The  turbine  aft 
load  Is  counteracted  by  the  forward-acting  balance  cavity  force.  The 
balance  piston  seal  Is  located  in  the  aft  sump  area  described  In  Section 
11.5.  The  net  load  (aft  LP  turbine  minus  forward  balance  piston)  acts  on 
the  No.  2 ball  bearing.  Thrust  balance  air  Is  supplied  from  the  high 
pressure  compressor  9th  stage  rotor  as  shown  in  Figure  11.15.  This  compressor 
discharge  (CDP)  air  is  routed  through  a 5.09  cm  (2  Inch)  pipe  to  the  bottom 
vertical  service  strut.  The  pipe  then  passes  through  the  strut  and  connects 
to  the  balance  piston  cavity. 

CDP  airflows  required  for  the  thrust  balance  cavity  are:  0.272  kg/sec 

0.60  Ib/sec)  for  a 0.038  cm  (0.015  inch)  seal  clearance.  A 0.152  cm  (0.060 
inch)  seal  clearance  requires  0.63  kg/sec  (1.39  Ib/sec). 

Axial  loads  resulting  from  the  LP  turbine  load  vectors  based  on  the 
experimental  engine  duty  cycle  are  presented  in  Table  11-IX. 

The  No.  2 bearing  cubic  mean  thrust  load  for  the  experimental  duty 
cycle  is  10.58  kN  (2361  lbs).  Based  on  a specific  dynamic  capacity  of  84.20 
kN  (18,930  lbs)  and  a radial  load  of  2.67  kN  (600  lbs),  this  bearing  has  a 
calculated  B^q  life  of  31,700  hours.  A material  life  multiplier  of  5 was 
used  in  the  analysis. 


11.5  BEARINGS.  SEALS.  AND  SUMPS  DESIGN 

The  OTW  engine  bearing  arrangement  is  shown  schematically  in  Figure  11 .16 . 
As  shown,  the  core  is  supported  by  a ball  thrust  bearing  (No.  3)  located  at 
the  forward  end  of  the  HP  compressor  and  an  intershaft  roller  bearing 
(No.  4)  located  at  the  HP  turbine  aft  end.  The  ball  thrust  bearing,  which 
reacts  HP  system  unbalance  thrust  loads  and  radial  component  loads,  is 
supported  by  a housing  structurally  identical  to  the  housing  used  in  the 
FlOl  engine.  This  housing  is  mounted  on  the  aft  inner  flange  of  the  composite 
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^209 


Figure  11.14.  LP  Turbine  Thrust  Load  Vectors. 


Pressure  Balance 


Table  U-IX»  Low  Pressure  Turbine  Rotor  Thrust  (No.  2)  Bearing  Axial  Loads. 
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fan  frane.  The  No.  4 roller  bearing,  which  supports  the  aft  end  of  the  core 
rotor.  Is  mounted  between  the  HP  and  LP  turbine  shafts. 

The  low  pressure  system  of  the  OTW  engine  Is  supported  by  four  bearings. 
The  main  LP  turbine  shaft  Is  supported  by  a ball  thrust  bearing  (No.  2)  at 
the  forward  end  and  a roller  bearing  (No.  5)  at  the  aft  end.  The  ball 
bearing  Is  the  same  as  the  PlOl  fan  thrust  bearing.  This  bearing  carries 
the  net  thrust  load  of  the  LP  turbine  rotor  and  thrust  balance  piston,  and 
also  a radial  load  component  from  the  LP  shaft.  The  No.  5 roller  bearing, 
which  Is  Identical  to  the  corresponding  FlOl  engine  bearing,  carries  radial 
loads  from  the  LP  shaft  and  the  No.  4 Intershaft  bearing.  Both  the  No.  2 
and  No.  5 bearings  are  supported  by  housings  similar  to  the  corresponding 
FlOl  engine  housings.  The  No.  2 bearing  housing  Is  mounted  to  the  mid- 
Inner  flange  of  the  conq>oslte  fan  frame,  and  the  No.  5 roller  bearing 
support  Is  mounted  to  the  aft  end  of  the  turbine  frame.  The  fan  rotor  Is 
supported  by  two  bearings:  a ball  thrust  bearing  (No.  IB)  at  the  forward 
end,  and  a roller  bearing  (No.  IR)  at  the  aft  end.  The  ball  thrust  bearing 
carries  fan  thrust  and  radial  loads.  The  roller  bearing  reacts  only  fan 
shafting  radial  loads.  Ball  bearing  support  Is  provided  by  a housing  mounted 
to  the  composite  fan  frame  forward  flange.  The  roller  bearing  housing  Is 
mounted  to  the  same  forward  flange  of  the  composite  frame. 

A tandem  circumferential  carbon  seal  Is  positioned  forward  of  the 
No.  IB  bearing.  It  provides  a seal  between  the  fan  rotor  cavity  and  the 
forward  sump.  The  No.  3 bearing  Is  sealed  from  the  HP  compressor  rotor 
cavity  by  a face-type  carbon  seal.  The  HP  turbine  rotor  cavity  Is  sealed 
from  rhe  aft  sump  by  the  No.  4 carbon  piston  ring  seal  located  forward  of 
the  Inner  shaft  bearing.  Both  the  No.  3 and  No.  4 seals  and  their  associated 
parts  are  Identical  to  FlOl  hardware.  Another  tandem  circumferential  carbon 
seal  Is  placed  between  the  No.  5 bearing  and  the  balance  piston  cavity, 
sealing  off  the  aft  sump. 

All  structures  such  as  shafting,  seals,  and  housings  were  analyzed  using 
a GE  conqputer  program  capable  of  structural  analysis  with  axisymmetric  or 
discrete  loading.  Stresses  were  combined  using  Von  Mlses  failure  criteria 
with  appropriate  stress  concentration  factors.  All  combined  stresses, 
under  the  most  severe  design  conditions,  are  below  material  0.2%  yield 
properties . 

Bolted  connections  were  analyzed  using  a GE  computer  program  (where 
applicable)  for  analyzing  bolted  flanges.  This  program  includes  thermal, 
centrifugal,  torque,  and  all  other  flange-type  loadings.  Bolt  materials 
were  selected  on  the  basis  of  strength  and  material  compatibility  with 
mating  structures. 

Interface  connections  were  analyzed  by  evaluating  structural  component 
stiffness  levels.  These  stiffness  values  were  calculated  using  various 
analytical  techniques  for  required  directional  loadings,  and  were  then 
combined  with  appropriate  mating  structures  to  obtain  stress  resultants. 
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11. 5.1  Forward  Suap 


The  forward  sump,  shown  in  Figure  11.17,  contains  the  Internal  accessory 
drive  bevel  gearsets,  reduction  gears,  the  No.  IB  and  No.  IR  fan  shaft 
bearings,  the  No.  2 LP  shaft  bearing,  the  No.  3 HP  shaft  bearing,  and  carbon 
seals  forward  of  the  No.  IB  bearing  and  aft  of  the  No.  3 bearing.  The  balls 
and  cage  of  the  No.  1 bearing  will  be  the  same  as  used  In  the  CF6.  The  balls 
are  MSO  and  the  cage  is  silver-plated  AMS  6414  (AISI  4340  steel) « A new 
outer  race,  which  will  provide  support  over  Its  entire  length.  Is  designed 
and  fitted  to  the  coimiK>n  CF6  parts.  The  outer  race  Is  mounted  to  the  forward 
support  housing  by  a flange  that  Incorporates  an  anti-rotation  device.  The 
Inner  race  Is  mounted  on  a chrome-plated  fan  shaft  journal  and  Is  retained  by 
a spanner  nut  common  to  the  CF6  design.  Lubrication  Is  provided  for  this  bear- 
ing by  inner  race  slots  and  a groove  that  Is  positioned  over  oil  holes  that 
penetrate  the  fan  shaft.  The  holes  in  the  shaft  are  fed  by  two  oil  Jets. 

Both  Inner  and  outer  races  are  made  of  MSO  material. 

A tandem  circumferential  carbon  seal  forward  of  the  No.  IB  bearing  is 
mounted  in  a 400  series  stainless  steel  housing  that  Is  detachable  from  the 
No.  IB  bearing  support  cone.  The  carbon  rides  on  a fan  shaft  runner  clamped 
between  the  No.  IB  Inner  race  and  spanner  nut.  The  runner  Is  made  from 
AMS  6322  with  the  sealing  surface  chrome  plated.  The  seal  is  pressurized 
between  the  carbons  by  third  stage  air  and  Is  cooled  by  oil  flowing  against 
the  underside  of  the  runner.  A seal  drain  Is  provided  between  the  carbons 
to  collect  any  incipient  leakage  and  direct  It  overboard  to  prevent  core 
engine  contamination.  Seal  design  Information  is  presented  In  Table  11-X. 

Table  11-X.  No.  1 Seal  Design  Information. 


Base  Diameter 

Rotational  Speed 

Surface  Speed 

Delta  Pressure 

Max  Supply  Air  Temp 

Rubbing  Surface  Heat  Generation 

Oil  Flow  Rate 

Projected  Min.  Seal  Life 


39.17  cm  (15.42  In) 

3900  rpm 

665.5  cm/sec  (262  ft/sec) 
6.21  N/cm2  (9.0  psld) 
204.4*  C (400*  F) 

2128  J/sec  (121  Btu/mln) 
63.1  cm3/sec  (1  gpm) 

>6200  hrs 


The  No.  IR  bearing  ^as  a flanged  Inner  race  which  Is  mounted  to  the 
aft  chrome-plated  journal  of  the  fan  shaft.  Rollers,  cage,  and  outer  race 
are  mounted  as  an  assembly  to  the  reduction  gear  support  housing.  The 
bearing  is  lubricated  by  two  jets  mounted  180*  apart  in  the  reduction 
gear  support  on  the  aft  side  of  the  bearing.  The  bearing  is  preloaded 
with  a radial  interface  to  prevent  skidding.  Bearing  race  and  roller 
material  Is  AISI  52100.  Bearing  design  Information  is  presented  In  Table 
11-Xl. 
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Table  ll-Xl.  Ifo*  IR  Bearing  Design  Information 


Base  Diameter 
Rotational  Speed 
DN  Value 
No.  of  Rollers 
Roller  Diameter 
Fatigue  Life  Exceeds 


518  on  (20.39  In) 
3900  rpm 
2.02  X 10^ 

60 

18  nan  (.7087  In) 

2 X 10®  hrs 


Tile  LP  turbine  rotor  No.  2 ball  thrust  bearing • which  Is  Identical 
to  the  corresponding  bearing  In  the  FlOl  engine,  Is  made  of  M50  material 
and  Jet  lubricated  on  both  Its  forward  and  aft  sides.  The  No.  3 HP  rotor 
ball  thrust  bearing.  Identical  to  the  corresponding  FlOl  bearing,  also  Is 
made  of  M50  material  and  Jet  lubricated  on  both  sides.  Oil  from  the  aft  Jet 
cools  the  back  face  of  the  No.  3 carbon  seal  runner. 

Fan  shafting  consists  of  two  sections  and  Is  made  of  17-4PH  steel. 

The  forward  section  Is  spxlned  at  Its  outer  end  to  provide  a torque  connec- 
tion between  It  and  the  main  reduction  ring  gear.  This  shaft  is  flanged 
at  the  forward  end  to  support  the  rotor  disk.  The  shafting  is  supported 
at  the  forward  end  by  the  No.  IB  bearing  and  at  the  aft  end  by  the  No.  IR 
bearing. 

The  outer  cone  that  supports  the  star  gear  carrier  of  the  main  reduction 
gear  Is  made  of  17-4PH  steel.  This  cone  is  bolted  to  the  star  gear  carrier 
at  Its  aft  end,  and  Is  mounted  to  the  forward  Inner  ring  of  the  composite 
frame  at  the  forward  end.  This  cone  also  supports  the  forward  sump  scavenge 
scoop/screen. 

The  No.  IB  bearing  support  Is  made  of  17-4PH  steel.  This  housing  supports 
both  the  No.  IB  bearing  and  the  No.  1 tandem  carbon  seal.  Integral  piping  Is 
Incorporated  In  this  housing  to  supply  air  to,  and  to  drain  leakage  oil  from, 
the  carbon  seal.  The  housing  assembly  Is  mounted  to  the  forward  Inner  ring  of 
the  composite  frame. 

The  No.  2 bearing  housing  utilizes  the  Inner  casting  from  the  FlOl 

engine.  A new  conical  shell  and  outer  flange  are  required  to  mate  with  the 

composite  frame.  Two  FlOl  internal  bevel  gear  assemblies  are  mounted 
from  the  No.  2 bearing  housing.  Material  for  this  housing  Is  6-4  titanium. 

The  No.  3 bearing  housing  Is  Identical  to  that  of  the  FlOl  with  the 

exception  that  the  extreme  outer  flange  has  been  modified  to  accommodate 
a new  fastener  for  mounting  the  housing  to  the  aft  ring  of  the  composite 
frame.  The  housing,  which  is  made  from  6-4  titanium,  provides  support  for 
the  No.  3 carbon  face  seal  and  various  lube  Jets. 

Loading  diagrams  for  the  forward  sump  are  presented  In  Figure  11.18,  11.19, 
11.20,  and  11.21  for  both  steady-state  and  blade-out  conditions.  Shafting 
was  designed  using  maximum  steady-state  stresses  combined  with  maximum  blade- 
out  loads.  Steady-state  loading  included  torque,  centrifugals,  thermals,  and 
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OP  POOR  QUALIII 


Axial  Reference 


OTW  Case  926 
Steady  State  Loading 

• Fan  Torque  32,254  Nm  (285,481  In. -lbs) 

• Turbine  Torque  15,644  Nm  (138,469  in. -lbs) 

• Fan  Thrust  96,757  N (21,753  lbs) 

• Temperature  121®  C (250®  F) 

Deflections 


Point 


1 

2 


Axial 


0.0442  cm  (0.0174  in.) 


Radial 


t 


Rotational 

Radians 


0.0262  cm  (0.0103  in.)  -0.0005 
0.0008  cm  (0,0003  in.)  


3 


-0.0348  cm  (-0.0137  in.)  0.0320  cm  (0.0126  in.)  -0.0012 


Figure  11.18.  Forward  Sump  Stationary  Structure  Deflections. 
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• 

Fan  Torque 

32,254 

Nra  (285,481  in.- lbs) 

• 

Fan  Speed 

3904.5 

rpra 

• 

Fan  Thrust 

96,757 

N (21,753  lbs) 

• 

Temperature 

121°  C 

(250°  F) 

Deflections 

Point 

Axial 

Radial  t 

Rotational 

Radians 

1 

0 

0.0191  cm  (0.0075 

in.  ) 

0.0003 

2 

-0,0257  era  (-0. 

0101  in.) 

0,0569  cm  (0,0224 

in.) 

0.0006 

3 

-0. 

0401  cm  (-0. 

0158  in.) 

0.0246  cm  (0.0097 

in.) 

0.0034 

Figure  11,19.  Forward  Sump  Rotating  Structure  Deflections. 
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torsion 


Steady  State 
Effective  Stress 
Point  kN/cm^  (ksi) 


1 

2.76 

(4.0) 

2 

2.07 

(3.0) 

3 

27.6 

(40.0) 

4 

21.4 

(31.0) 

5 

32.2 

(46,7) 

6 

30.9 

(44.8) 

7 

7.58 

(11.0) 

8 

10.3 

(15.0) 

17-4PH  Steel  - Rc  33/36 

Min  0.2%  Yield  = 82.7  kN/cra^  at 

Min  Ultimate  =95.8  kN/cm^  at  1 


One  Metal  Blade  Out** 
Effective  Stress 
kN/cm^  (ksi) 

24.5  (35.6) 

47.7  (69.2) 

57.0  (82.7) 

23.2  (33.6) 

37.8  (54.8) 

39.7  (57.6) 

10.1  (14.7) 

12.3  (17.8) 


121“  C (120  ksi  at  250“  F) 
1“  C (139  ksi  at  250“  F) 


* Stress  Concentrations  Included  in  Tabulated 
Stresses 


Figure  11.20.  Forward  Sump  Stationary  Structure  Stresses. 


4 1 < "torsion  = 
^ J * *^hoop  = 3 


^torsion  = 
Khoop  ® 3 
^axial  = 3 


115.6  kN  (26,000  lb)** 


615.6  kN  (138,400  lb)** 


Point 


Steady  State 
Effective  Stress 
kN/cm^  (ksi) 


9.31  (13.5) 

11.7  (17.0) 
14.9  (21.6) 
16.0  (23.2) 

14.8  (21.4) 
13.4  (19.5) 
7.79  (11.3) 

13.9  (20.1) 


One  Metal  OTW  Blade  Out** 
Effective  Stress 
kN/cm^  (ksi) 


15.7  (22.7) 

50.7  (73.6) 
20.5  (29.8) 

18.8  (27.2) 

17.2  (25.0) 

16.2  (23.5) 
10.1  (14.6) 
17.0  (24.6) 


17-4PH  Steel  - Rc  33/36 

Min  0.2%  Yield  = 82.7  kN/cm^  at  121®  C (120  ksi  at  250®  F) 
Min  Ultimate  =95.8  kN/cm^  at  121®  C (139  ksi  at  250®  F) 


♦ Stress  Concentrations  Included  in  Tabulated 
Stresses 


Figure  11.21.  Foiivard  Sump  Rotating  Structure  Stresses 


thrust.  The  blade-out  condition  was  one  metal  blade  at  maximum  speed. 

Stresses  in  the  No.  IB  bearing  housing  were  calculated  from  the  resultant 
radial  and  axial  load  components  transferred  to  the  housing  through  the 
No.  IB  bearing. 

Star  gear  loads,  as  well  as  No.  IR  bearing  reactions,  are  carried  by 
the  reduction  gear  support  housing.  These  loads  were  combined  and  used  to 
calculate  maximum  stresses  and  deflections  In  this  housing. 

A flexible  coupling  Is  provided  between  the  LP  turbine  shaft  and  the 
main  reduction  gear;  the  coupling  is  spllned  at  the  aft  end  to  the  LP  turbine 
shaft  and  supported  by  the  No.  2 bearing.  The  forward  end  Is  spllned  to  the 
main  reduction  sun  gear.  This  coupling  is  designed  to  accoontodate  misalignment 
between  the  reduction  gears  and  the  LP  turbine  shaft.  The  aft  coupling 
section  Is  made  of  4340  steel.  The  forward  coupling,  which  Is  mated  to  the 
reduction  gear,  is  made  of  AISI  9310.  Both  the  forward  and  aft  sections  are 
bolted  together  at  the  O.D.  of  the  coupling  diaphragms. 

Stresses  for  this  coupling  are  shown  in  Figure  11.22. 


11.5.2  Aft  Sump 

The  aft  sump,  shown  In  Figure  11.23  with  maximum  steady-state  ten^eratures , 
contains  the  No.  4 intershaft  roller  bearing  which  supports  the  aft  end  of  the 
HP  turbine  rotor  on  the  LP  turbine  shaft  and  the  LP  turbine  shafting  which 
is  supported  by  roller  bearing  No.  5.  The  FlOl  LP  turbine  shaft  has  been 
analyzed  and  Is  acceptable  for  QCSEE . 

The  aft  sump  cavity  Is  sealed  on  the  forward  end  by  a carbon  piston 
ring  Intershaft  seal  and  on  the  aft  end  by  a tandem  circumferential  carbon 
oil  seal.  A new  bearing  housing  supports  the  No.  5 bearing,  No.  5 seal,  No. 

6 seal,  and  the  balance  piston  cavity  stationary  hardware.  An  extension  of  LP 
turbine  shafting  is  mounted  to  the  aft  end  of  the  FlOl  shaft.  This  new  shaft 
supports  the  balance  piston  four-tooth  labyrinth  seal  and  also  carries  oil 
to  the  No.  4 bearing.  Major  modifications  to  the  FlOl  aft  sump  hardware 
include  the  addition  of  a balance  piston  and  the  removal  of  the  FlOl  aft  sump 
metering/scavenge  pump.  The  No.  4 Intershaft  roller  bearing,  which  is  made 
of  M50  material.  Is  lubricated  through  holes  under  the  bearing  inner  race  In 
the  LP  turbine  shaft.  The  No.  5 bearing  also  made  of  M50  material.  Is  jet 
lubricated  from  Its  aft  side. 

A tandem  carbon  seal  Is  located  between  the  No.  5 bearing  and  the  balance 
piston  cavity.  The  carbons  are  retained  in  a small  support  housing  made  of 
Inco  718  and  mounted  to  the  No.  5 bearing  support  cone.  The  seal  runner  is 
made  of  Inco  718,  and  coated  with  tungsten  carbide  to  provide  a hard  running 
surface.  This  runner  is  integral  with  the  new  section  of  aft  shafting  and 
is  cooled  by  oil  dispersed  from  the  aft  side  of  the  same  jet  assembly  which 
feeds  the  No.  4 and  No.  5 bearings.  Seal  design  information  Is  presented  in 
table  11-XII. 
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5 Carbon  Seal 


3 


Table  11-XII.  No.  6 Seal  Design  Information 


Base  Diameter 

Rotational  Speed 

Surface  Speed 

Delta  Pressure 

Max  Supply  Air  Temp 

Rubbing  Surface  Heat  Generation 

Oil  Flow  Rate 

Projected  Min.  Seal  Life 


10.4  cm  (4.1  In) 

8040  rpm 

365.8  cm/ sec  (144  ft/sec) 
4.14  N/cm2  (6  psld) 

263*  C (505*  F) 

272.6  J/sec  (15.5  Btu/mln) 
37.9  car/aec  (0.6  gpm) 
>10.000  hours 


The  balance  piston  cavity  Is  formed  by  a four-tooth,  slant-stepped 
labyrinth  seal  made  of  Inco  718  and  bolted  to  the  aft  end  of  the  LP  turbine 
shaft  extension.  Seal  nominal  diameter  Is  17.15  cm  (6.75  In.).  The  seal 
teeth  are  designed  for  a one-to-one  helght-to-pltch  ratio.  This  rotating 
seal  Is  Insulated  from  the  shafting  by  a combination  of  Insulating  material 
and  a metal  heat  shield.  The  seal  teeth  are  coated  with  aluminum  oxide 
to  liqirove  their  ability  to  withstand  a rub.  The  stationary  rub  surface 
for  this  seal  Is  made  of  Hastelloy  X abradable  1/32  hex  cell  honeycomb  with 
a ribbon  thickness  of  0.0076  cm  (0.003  Inch).  The  honeycomb  Is  brazed 
Into  an  Inco  718  support.  This  support  Is  mounted  to  a flange  on  the  No.  5 
bearing  housing. 

The  No.  5 bearing,  No.  6 seal,  and  balance  piston  stationary  seal  hard- 
ware are  supported  by  a new  Inco  718  housing  which  Is  mounted  to  the  aft  end 
of  the  turbine  frame.  This  housing  also  provides  a sun^  cavity  with  attach- 
ments for  oil  service  lines. 

All  other  aft  sump  hardware  such  as  seals,  spacers,  and  structural  shaft- 
ing are  comnon  between  the  FlOl  and  OTW  engines. 

Loading  diagrams  for  the  aft  sump  are  presented  In  Figures  11.24.  through 
11.27  for  both  steady-state  and  blade-out  conditions.  Maximum  stresses  for 
the  aft  sump  were  calculated  using  steady-state  operating  conditions  combined 
with  stresses  resulting  from  one  metal  blade  out.  Steady-state  loads  are 
not  as  severe  as  those  In  the  FlOl  engine  due  to  reduced  OTW  horsepower 
requirements.  The  No.  5 bearing  support  housing  stresses  were  calculated 
Including  resultant  loads  from  the  LF  turbine  frame  assembly. 


11.6  ACCESSORY  DRIVE  DESIGN 


Engine  accessory  power  Is  extracted  from  the  core  engine  shaft  through 
right  angle  bevel  gearing,  and  transmitted  through  radial  drive  shafting  to 
a top-mounted  accessory  gearbox  and  to  a scavenge  ptimp  gearbox  mounted  In 
the  core  cavity  area  on  the  bottom  vertical.  To  minimize  frontal  area 
projection  of  the  engine,  the  accessory  gearbox  Is  configured  to  match  the 
width  of  the  pylon  strut.  Mounted  to  and  driven  from  the  accessory  gearbox 
pre  the  following  components: 
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OW  Case  926 
Steady  State  Loading 


Deflections 


Point 

Axial 

Radial 1+ 

Rotational^ 
Radians  (+ 

1 

0.0175 

cm  (0.0069 

in.) 

0.0654 

cm 

(0.02576  in.) 

0.000765 

2 

0.006  cm  (0.00237 

in. ) 

0.0622 

cm 

(0.0245  in.) 

-0.000615 

3 

0.0031 

cm  (0.00124 

in. ) 

0.0155 

cm 

(0.00609  in.) 

-0.0194 

4 

-0.0269 

cm  (-0.0106 

in. ) 

0.0544 

cm 

(0.02142  in.) 

0.00041 

5 

-0.0289 

cm  (-0.0114 

in.) 

0.0233 

cm 

(0.00921  in.) 

0.0046 

Figure  11.24.  Aft  Sump  Stationary  Structure  Deflections. 
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OTW  Case  926 
Steady  State  Loading 


• Turbine  Speed  = 8050  rpm 

Deflections 

nt  Axial+  ^ Radlal-t- 1 

1 0.0549  cm  (0.0216  in.)  0.0648  cm  (0.0255  in.) 

2 0.0820  cm  (0.0323  in.)  0.0640  cm  (0.0252  in.) 

3 0.0587  cm  (0.0231  in.)  0.0288  cm  (0.01135  in.) 

4 0.0437  cm  (0.01719  in.)  0.0500  cm  (0.0197  in.) 

5 0.0734  cm  (0.0289  in.)  0.0417  cm  (0.0164  in.) 

6 0.0686  cm  (0.027  in.)  0.0189  cm  (0.00745  in.) 


Rotational 

Radians 

0.003 

-0.0033 

0.00429 

0.0032 

0.00486 

0.0039 


I 

► 

I 

Figure  11.25.  Aft  Sump  Rotating  Structure  Deflections. 
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11.26.  Aft  Sump  Stationary  Structure  Stresses. 
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• Material  = Inconel  718 

• Minimum  0.2%  Yield  = 82.0  kN/cra^  At  495®  C (119  ksi  At  925®  F) 

• Minimum  Ultimate  = 105.5  kN/cn^  At  495®  C (153  ksi  At  925®  F) 


Figure  11.27,  Aft  Sump  Rotating  Structure  Stresses. 


• Fuel  pump  and  control 

• Lube  supply  pump 

• Control  alternator 

• Starter 

llie  drive  system  Is  shown  schematically  In  Figures  11.28  and  11.29.  The 
Internal  rl^t  angle  bevel  gearing  utilizes  two  sets  of  FlOl  bevel  gears, 
Spllned  to  the  main  engine  shaft  Is  a 47-tooth  gear  which  drives  35-tooth 
gears  mounted  In  two  Individual  gear  housings.  Figure  11.30  shows  one  of 
these  gear  housing  assemblies.  To  utilize  these  gear  assen^lles,  they  are 
rotated  about  the  vertical  gear  centerline  to  mount  to  the  aft  side  of  the 
No.  2 bearing  housing  Instead  of  Just  forward  of  the  No.  3 bearing  housing, 
as  Is  the  case  In  the  FlOl  engine.  Larger  moment  loads  associated  with  this 
system  require  a support  between  the  fan  frame  aft  flange  and  the  bevel  gear 
housing.  The  OTW  engine  design  loads  are  presented  In  Table  11-Xlll.  Results 
Indicate  that  adequate  margin  exists  for  the  OTW  engine  test  program. 


Table  11-XllI.  Inlet  Gearbox  Design  Data. 

Maximum  started  torque  loads  339  mN  (250  ft-lb) 

Maximum  accessory  horsepower  125  kW  (167  hp) 

Equivalent  horsepower  (for  bearing  design)  53  kW  (71  hp) 


Calculated  bearing  design  life 


(1) 


750,000  hrs 


(l)Based  on  an  M50  material  factor  of  five. 


Gears  and  bearing  materials  are  AISI  9310  and  CEVM-M50,  respectively, 
and  the  housing  Is  investment-cast  17-4PH.  The  lubrication  system  is  similar 
to  that  of  the  FlOl  engine  with  modifications  to  the  Internal  lube  manifold. 

The  bevel  gears  driving  the  bottom-mounted  scavenge  pump  In  the  experi- 
mental engine  are  lightly  loaded.  Design  optimization  Is  required  for  the 
flight  configuration.  For  the  flight  design,  the  35-tooth  gears  driving  the 
top  accessory  gearbox  and  the  bottom  scavenge  pump  are  mounted  in  a common 
housing . 

The  one-piece  radial  drive  shaft  between  the  Internal  bevel  gear  and 
accessory  gearbox  has  a central  support  bearing  to  keep  the  critical  speed 
approximately  25%  above  shaft  operating  speed.  The  bearing  Is  mounted  In 
a machined  housing  which  Is  bolted  to  the  aft  composite  ring  of  the  fan  frame. 
Provisions  are  made  In  the  top  accessory  gearbox  for  access  to  the  radial  drive 
shaft  to  raise  it  up  approximately  3.81  cm  (1.5  in.)  so  that  the  Internal 
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gearboxes  can  be  removed  without  removing  the  top  accessory  gearbox.  The 
center  hole  of  the  shaft  Is  used  to  vent  the  sunqis  to  the  accessory  gearbox. 
The  shaft  material  is  AISI  4340  and  the  splines  are  induction  hardened. 

The  shaft  between  the  Internal  bevel  gears  and  the  bottom-mounted 
scavenge  pump  gearbox  does  not  require  a central  support  bearing  because  of 
Its  short  length. 


11.6.1  Accessory  Gearbox 

A cross  section  and  external  view  of  the  top-mounted  accessory  gear- 
box are  presented  in  Figures  11.31  and  11.32,  respectively. 

The  accessory  gearbox  uses  FlOl  bevel  gears,  spur  gears,  and  bearings. 
One  new  bevel  gear  is  required,  and  It  will  be  made  from  an  FlOl  forging. 

The  spur  and  bevel  gears  are  10  and  7.100  diametral  pitch,  respectively, 
and  are  case-carburlzed  AISI  9310  material.  All  bearings  are  CEVM-M50 
material.  The  bearings  are  assembled  in  steel  liners  In  the  aluminum  casing, 
and  all  outer  races  are  keyed  to  prevent  rotation. 

FlOl  carbon  face  seals  are  used  on  the  rotating  gear  shafts.  Tvo 
new  "gasko"  seals  have  been  designed  to  seal  Interfaces  between  the  gearbox 
main  housing  and  the  adapters. 

A new  cast  aluminum  (AMS  4217)  housing  has  been  designed  to  fit  in 
front  of  the  pylon.  The  main  casing  is  a one-piece  design  utilizing 
forward  and  aft  adapters.  These  adapters  also  are  cast  aluminum  (AMS  4217). 
A starter-mounting  adapter  and  fan-frame  adapter  also  have  been  designed. 
These  are  machined  from  forged  aluminum  bars. 

Gear  and  bearing  cooling  and  lubrication  are  accomplished  in  a manner 
similar  to  other  General  Electlrc  gearbox  designs.  The  lower  bevel  gear  Is 
shrouded  to  facilitate  scavenging  of  oil  to  the  forward  sump.  An  alr-oll 
separator  attached  to  the  47-tooth  spur  gear  provides  oil  separation  for  the 
sump  vent  system  before  venting  overboard.  The  alr-oll  separator  is  the 
same  as  that  used  In  FlOl  MQT  vent  systems. 

The  maximum  calculated  gear  tooth  bending  stress  and  compressive 
stress  (Hertz)  are  27,580  N/cm^  (40,000  psi)  and  113,078  N/cm^  (164,000  psi) , 
respectively.  With  applicable  factors,  the  material  allows  tooth  bending 
and  compressive  stresses  of  33,096  N/cm^  (48,000  psi)  and  137,900  N/cm^ 
(200,000  psi),  respectively.  The  lowest  calculated  bearing  life  is  58,000 
hours  which  Is  more  than  adequate  for  the  OTW  engine  test  program. 

The  accessory  gearbox  provides  drive  pads  for  the  fuel  pump/control, 
lube  supply  pump,  control  alternator,  and  starter.  Provisions  are  made  to 
hand  crank  the  drive  system  through  the  18-tooth  gear  shaft  should  that  be 
necessary . 
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Figure  11.31.  Accessory  Gearbox. 


The  fuel  pump/control  is  the  same  as  that  of  the  FlOl  with  the  exception 
of  some  modifications  in  the  control  area.  The  lube  pump  ia  basically  a 
CF6  lube  pump  with  all  its  elements  manifolded  together,  and  a new  quill 
drive  shaft  to  fit  the  FlOl  gear  shaft.  The  control  alternator  Is  adapted 
from  the  FlOl  engine. 

The  starter  Is  based  on  an  existing  design  modified  to  be  compatible 
with  the  QCSEE  accessory  gearbox.  These  modifications  Include: 

1.  Provisions  for  a lubricated  drive  spline  with  oil  being  supplied 
from  the  accessory  gearbox 

2.  The  clutch  has  been  adjusted  to  be  compatible  with  the  minimum 
engine  Idle  speed 

3.  The  QAD  (quick-attach-detach)  housing  was  eliminated  from  the 
starter  and  incorporated  Into  accessory  gearbox 

4.  The  air  inlet  flange  position  has  been  made  adjustable 
circumferentially 

DeslgiT  features  of  the  starter  liiclude  a single  stage  radial  Inflow 
turbine  wheel,  turbine  nozzle,  compound  reduction  gearing,  pawl  and 
ratchet  - type  engaging  mechanism,  and  an  output  shaft  spllned  to  mate  with 
the  engine  drive  shaft. 

The  radial  inflow  turbine  eliminates  the  need  for  an  air  access  hole 
in  the  main  engine  mount  located  aft  of  the  starter. 

Shown  in  Figure  11.33  are  the  predicted  starter  torque  characteristics  at 
various  pressure  ratios.  Starter  torques  at  pressure  ratios  greater  than  4 to 
1 are  above  the  anticipated  engine  lightoff  point.  Facility  capability  up  to 
pressure  ratios  of  approximately  5 to  1 is  being  provided.  The  program  slope 
does  not  allow  for  optimization  of  starting  time  and  it  is  anticipated  that 
start  time  will  be  approximately  60  seconds. 


11.6.2  Scavenge  Pump 

i\s  shown  in  Figure  11.34,  a short  radial  shaft  connects  the  lower 
internal  gearbox  to  a right  angle  drive  to  power  the  scavenge  pump.  This 
gearbox  is  located  in  the  core  cowl  region  between  the  fan  frame  mid-  and 
aft  composite  rings.  The  gears  have  been  selected  to  reduce  the  radial 
shaft  speed  from  19,418  rpm  to  the  pump  input  speed  of  6708  rpm.  Radial 
access  to  the  gears  and  shafting  is  accomplished  by  a plug  in  the  bottom 
of  the  gearbox  and  an  access  panel  in  the  fan  flowpath  liner  between  adjacent 
vanes. 

llie  gears  are  carburized  AISI  9310.  Basic  gear  information  is  as  follows: 


starter  Pressure  Ratio 
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Figure  11.34. 


Scavenge  Pump  and  Drive  System. 
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Gear  Data 


Pinion 

Gear 

Number  of  teeth 

19 

55 

Diametral  Pitch 

16 

16 

Pressure  angle 

20® 

20® 

Spiral  angle 

35® 

35® 

The  capacity  of  this  gear  set  Is  calculated  at  53  kw  (71  hp),  which  greatly 
exceeds  the  maximum  calculated  pump  requirements  of  6.7  kw  (9  hp). 

Bearings  are  CEVM-M50  material.  The  lowest  calculated  bearing  life  of 
52,000  hours  Is  more  than  adequate  for  the  OTW  engine. 

The  housing  and  mounting  adapter  are  case  aluminum  (AMS  4217) . 

The  gear  mesh  and  bearings  are  jet  and  s'plash  lubricated,  respectively, 
and  the  horizontal  gear  Is  shrouded  to  facilxtate  scavenging  of  the  gear 
casing.  Provisions  are  made  to  lubricate  the  pump  spline. 


SECTION  12.0 


CONTROLS  AND  ACCESSORIES  DESIGN 


12.1  SUMMARY 


The  OTW  experimental  engine  control  system  controls  two  variables: 
fuel  flow  and  compressor  stator  angle.  From  a hardware  viewpoint » the  OTW 
system  has  been  designed  for  maximum  interchangeability  with  the  UTW  engine 
control  system  components.  Both  systems  include  a modified  FlOl  hydromechanl- 
cal  fuel  control  and  an  engine-mounted  digital  electronic  control  specifically 
designed  for  QCSEE  engines;  however,  the  memory  modules  of  the  digital 
computer  shall  be  unique  to  each  engine. 

New  technology  features  to  be  demonstrated  on  the  OTW  experimental 
engine  control  system  are: 

1.  Full  Authority  Digital  Control  - The  OTW  digital  control  will  be 
prograimed  to  provide  steady-state  control,  transient  fuel  schedules, 
core  stator  schedules,  and  limiting  fuel  control  functions,  whereas 
the  transient  fuel  schedules  were  performed  hydromechanlcally  on 

the  UTW  engine. 

2.  Failure  Filter  - A new  Failure  Indication  and  Corrective  Action 
(FICA)  scheme  will  be  demonstrated  on  the  OTW  engine.  The  scheme 
employs  a form  of  Kalman-Bucy  filtering  in  which  a model  of  the 
engine  is  included  in  the  digital  control  program  to  estimate  the 
control  system  sensor  outputs.  Model  Inputs  are  control  outputs 
and  the  control  system  sensor  outputs.  If  the  sensors  are  function- 
ing properly,  the  model  outputs  will  be  corrected  to  reflect  the 
actual  sensor  outputs.  But  if  a large  error  occurs  between  a model 
computed  sensor  value  and  the  actual  sensed  value,  a failed  sensor 
is  indicated  and  that  sensor  is  no  longer  used  in  the  control. 
However,  the  engine  operation  will  continue  with  only  a slight 
reduction  in  control  accuracy. 

To  implement  the  electrical  compressor  stator  control,  a new  fuel  power 
servovalve  assembly  has  been  added  to  the  control  configuration  as  well  as  an 
LVDT  to  sense  core  stator  position.  The  torque  motor  and  LVDT  have  been 
designed  for  compatibility  with  the  digital  control  circuitry  from  the  UTW 
configuration  so  that,  from  an  Interface  viewpoint,  the  digital  controls 
for  UTW  and  OTW  are  Interchangeable. 

Although  the  experimental  engine  will  not  include  a variable  exhaust 
nozzle,  a flight-type  engine  would  employ  one;  a variable  nozzle  was  con- 
sidered in  the  control  mode  definition  studies.  The  design  of  a nozzle  actu- 
ation system  for  a flight-type  engine  can  be  extrapolated  fvom  the  current 
variable  geometry  actuation  system  design  technology. 
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12.2  DESIGN  REQUIREMENTS 


The  control  system  design  Is  based  on  a number  of  requirements,  some 
contractual  and  some  resulting  from  the  nature  of  the  OTW  engine  designs. 

The  major  requirements  are: 

• Components  - General  - The  system  shall  utilize  existing  controls 
and  accessories  conqionents  as  applicable  except  it  shall  utilize 
digital  electronics  to  perform  all  computational  functions. 

• Digital  Control  - General  - The  digital  control  shall  be  mounted  on 
the  engine  and  shall  interface  with  a remotely  located  aircraft 
computer  to  provide  selectable  power  management,  failure  indication, 
and  failure  corrective  action. 

• Control  Variables  - Tlxe  OTW  control  system  shall  control  fuel  flow 
and  core  compressor  stator  vanes. 

• Experimental  Engine  Flexibility  - The  system  shall  include  the 
capability  of  making  adjustments  in  the  control  strategy  without 
hardware  changes.  The  digital  control  shall  be  designed  for  ease 
of  replacement  of  the  control  law  memory  modules . 

• Control  Capability  - The  system  shall  be  capable  of  coordinated  con- 
trol variables  so  that  STOL  aircraft  propulsion  test  investigations 
can  be  performed  with  the  intent  of  achieving: 

- Thrust  control  throu^out  the  specified  flight  map  with 
minimum  pilot  workload. 

- Fast  thrust  response;  62  to  95%  forward  thrust  in  one  second. 

• Engine  Protection  - The  system  shall  protect  the  engine  from  rotor 
overspeeds,  turbine  overtempe.:ature,  and  excessive  compressor  or 
fan  pressure. 


12.3  ENGINE  CONTROL  SYSTEM 


12 . 3 . 1 General  Description 

The  requirements  outlined  in  the  previous  section  established  the 
general  structure  of  the  control  system,  as  shown  in  Figure  12.1.  The  digital 
electronic  control  is  the  heart  of  the  system  and  controls  the  manipulated 
variables  in  response  to  commands  representing  those  which  would  be  received 
from  an  aircraft  propulsion  system  computer.  The  system  includes  an  existing 
(FlOl)  hydromechanical  control  as  called  for  in  the  program  requirements. 

This  control  includes  an  electrohydraulic  servovalve  through  which  the  digital 
control  maintains  primary  control  of  fuel  flow.  The  hydromechanical  fuel 
control  positions  the  metering  valve  and  maintains  a constant  pressure  drop 
across  the  metering  valve  to  deliver  the  fuel  flow  required  by  the  digital 
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Mechanical  Cutoff  Lever 


Figure  12.1.  OVH  Control  System. 


control.  In  addition,  the  fuel  control  provides  the  following:  a backup 

core  engine  speed  control,  a positive  metering  valve  shutoff,  a metering 
valve  position  feedback  to  the  digital  control,  a separate  electrically 
operated  emergency  shutdown  function,  and  a pressurized  fuel  output  from  the 
fuel  pump  to  power  the  compressor  stator  servovalve  and  actuator  assembly. 

In  order  to  achieve  the  operational  flexibility  required  by  the  QCSEE 
program,  the  commands  to  the  digital  electronic  control  are  being  Introduced 
through  the  control  room  elements  shown  on  Figure  12.2.  The  interconnect 
unit,  operator  panel,  and  engineering  panel  are  actually  peripheral  elements 
of  the  digital  control.  They  provide  means  for  the  engine  operators  to 
Introduce  commands,  to  switch  between  available  operating  modes,  to  adjust 
various  control  constants,  and  to  monitor  control  and  engine  data.  The 
remote  computer  is  a separate  digital  computer  system  supplied  by  NASA  which 
can  represent  a typical  aircraft  computer,  or  can  be  used  to  provide  other 
operating  modes  in  addition  to  those  stored  in  the  digital  control  memory. 


12.3.2  Automatic  Control 
General 


The  control  system  is  designed  for  automatic  modes  in  which  operation  of 
the  controlled  variables  is  integrated  to  respond  to  input  demand  signals 
simulating  those  which  would  exist  in  a STOL  transport  propulsion  system. 
Studies  have  been  conducted  exploring  a variety  of  potenti^il  methods  for  inter- 
relating the  controlled  variables. 

As  a guideline  for  automatic  mode  studies,  a list  of  general  principles 
was  established  with  advice  from  NASA,  McDoimell-Douglas,  and  Boeing.  The 
list  is  as  follows: 

1.  A mechanical  power  lever  link  is  assumed  from  the  aircraft  to  the 
engine  to  be  used  to  enable  the  fuel  flow  to  be  controlled  by  the 
digital  control  and  for  backup  fuel  control . 

2.  A digital  demand  signal  is  assumed  from  the  aircraft  computer  to  the 
engine  digital  control  demanding  percent  of  available  thrust. 

3.  A digital  mode  signal  is  assumed  from  the  aircraft  computer  to  the 
engine  digital  control  to  select  between  available  operating  modes 
such  as  takeoff,  climb,  cruise,  etc. 

4.  The  engine  digital  control  shall  compute  maximum  available  thrust 

at  all  flight  conditions  and  shall  be  capable  of  setting  this  thrust 
or  any  portion  of  it  as  a function  of  a single-aircraft  thrust- 
demand  signal. 

5.  The  engine  control  system  shall  provide  selected  engine  safety 
limits,  protecting  against  rotor  overspeeds,  fan  or  compressor 
stall,  turbine  over temperature,  and  compressor  discharge  overpres- 
sure. 
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Ccwnmands  — 17  Adjustments 


Figure  12.2.  Overall  Control  Room  Functional  Block  Di 


6.  Manual  control  of  thrust  via  the  throttle  shall  be  maintainable 
within  safe  limits  if  the  engine  digital  control  and/or  aircraft 
digital  control  fails. 

7.  No  throttle  or  thrust  demand  changes  will  be  required  during  takeoff 
except  in  the  event  of  an  abort. 

8.  Detection  of  engine  failure  to  produce  commanded  thrust  shall  be 
achieved  through  a combined  indication  from  engine  parameters  in 

the  engine  digital  control  and  a warning  signal  shall  be  transmitted 
to  the  aircraft. 


Thrust  Control  Function 


One  fundamental  factor  in  designing  for  automatic  control  is  the  choice 
of  a thrust  control  and  indication  function.  This  function  must  be  an  accurate 
measure  of  thrust  in  the  takeoff  regime,  and  must  be  related  to  other  sensed 
variables  in  such  a manner  that  the  engine  digital  control  can  compute  and 
set  maximum  available  thrust  or  any  portion  thereof  anyxdiere  in  the  flight 
envelope.  A list  of  thrust  functions  evaluated  for  the  OTW  engine  is  given 
in  Table  12-1. 

To  determine  the  thrust-setting  accuracy  of  the  various  potential  thrust 
control  functions,  tolerance  studies  were  conducted.  These  studies  were  made 
up  of  a series  of  cases  in  which  different  sets  of  two  Independent  variables 
were  considered  to  be  controlled  by  manipulation  of  fuel  flow  and  nozzle  area 
(it  being  assumed  that  the  third  OTW  manipulated  variable,  core  variable 
stators,  will  be  scheduled  as  a function  of  core  corrected  speed  as  on  the 
FlOl).  One  of  the  independent  variables  in  each  case  was  one  of  the  candidate 
thrust  functions.  Each  case  was  run  through  a computer  program  which  com- 
bines typical  control  and  measurement  tolerances,  engine  component  tolerances, 
and  engine,  component  deterioration  with  engine  cycle  characteristics  to  define 
expected  variations  in  important  characteristics  such  as  thrust,  turbine  tem- 
perature, stall  margins,  etc.  Typical  results  of  such  runs  are  shown  in 
Table  12-11  and  the  variations  used  in  getting  these  results  in  Table  12-111. 

For  the  experimental  engine,  fan  speed  (PCLNR)  was  selected  as  the  thrust- 
setting parameter  (fuel  control)  because  it  offers  the  best  takeoff  regime 
performance  index  established  on  the  basis  of  thrust-setting  accuracy  and 
engine  deterioration  effects.  In  addition,  none  of  the  other  mode  selection 
criteria,  such  as  stall  margin  variations  or  failure  effects,  are  compromised 
with  the  selection  of  fan  speed  as  the  thrust  control  parameter.  After  experi- 
mental evaluation  and  development  of  the  exhaust  nozzle  aerodynamics,  the 
engine  cycle  will  be  evaluated  to  select  the  climb/cruise  power-setting 
parameter. 

One  other  factor  to  be  considered  in  evaluating  the  potential  thrust 
function  is  control  loop  stability  when  the  function  is  combined  with  other 
manipulated  variables  in  ai\  automatic  control  system.  This  matter  is  dis- 
cussed as  a part  of  t’  i naxt  discussion. 
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Table  12-1.  Thrust  Functions  Evaluated  for  QCSEE  OTW  Control 


Thrust  Function 

Basic  Type 

TPl  - P49/PTO 

Core  Power 

TP2  « PS3/PT0 

Core  Power 

TP 3 - f(P14/PAMB)  X (A18) 

Gross  Thrust 

TP4  « f(P14/PT0)  X (A18) 

Gross  Thrust 

TPS  - f(XMll)/(A18) 

Gross  Thrust 

TP6  « f(P14/PT0)  X f2(XMll) 

Gross  Thrust 

TP7  » PCLNR 

Gross  Thrust 

TP8  - T41C/T1 

Core  Power 

TP9  » PCKHR 

Core  Power 

TPll  « T8/T 

Core  Power 

TP12  » [(T15  - TD/T15]  x f(XMll) 

Fan  Power 

PT13  “ WFM/PTO 

Core  Power 

Note:  Nomenclature  is  the  same  as  used  in  the  cycle  and  performance 

section  with  the  following  additions: 

TP  = thrust  parameter 

PTO  = free  stream  total  pressure 

T41C  = calculated  T41 

PS3  = the  static  pressure  in  the  combustor 


336 


Table  12-11.  Tolerance  Study  Results 


Variable  controlled  thrust  variations  - % of  Point 

SI,S  Take-Off  Power 


1 

2 

V . 1 . 

T41 

SM12 

XMll 

WFM/PT() 

PCNL 

2.1 

1 .H 

1.0 

6.8 

1.6 

WWl/PTO 

KMil 

2.05 

1.7 

1.0 

6.7 

1.7 

Wm/PTO 

AH 

1.7 

1.4 

1.0 

4 .b 

2.2 

WWI/PTO 

XMl  5 

l.h 

1.5 

1 . 0 

H.H 

l.b 

P14/PT0 

PCNL 

■)  ■> 

2.1 

2.0 

7.3 

1.4 

P14/PT0 

SMll 

2.45 

2.4 

2.1 

7.0 

1.7 

TPb 

AH 

2.15 

2.1 

•1  0 

4.7 

2.7 

TP6 

XM15 

2.25 

')  •) 

o ) 

H.H 

3.7 

TPb 

XMll 

2 .4 

2.4 

2.1 

7.4 

1.7 

TPb 

PCNL 

2.45 

2.4 

2.0 

H.7 

l.b 

PS3/PTO 

AH 

2.25 

2.0 

2.5 

4.7 

2.5 

PS3/PTO 

XMlb 

2.5 

0 

2.5 

4.1 

3.4 

PS3/PTO 

XMll 

2.7 

2.4 

2.5 

8.3 

1.7 

PCNL 

AH 

i.b5 

1.5 

1.4 

5.0 

1.1 

PS3/PTO 

PCNL 

2.4 

2.5 

2.4 

4.4 

1.7 

XMl  1 

AH 

2.4 

> ) 

2 2 

5.0 

1.7 

Variations  are  root-square-sum  sLaokup  of  tolerances  and  variation  listed 
in  Table  12-Vlll . 

Thrust  perroi'inance  indicator  = ITi  variation  + 1/2  deterioration  effects. 
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Table  12-111.  Tolerances  and  Variations  Used. 
(Note;  All  are  ±%  of  point  unless  noted  otherwise) 


Control  Variables 


Engine  Characteristics 


Variable 

SLS 

Takeoff 

Characteristic 

Variation 

PCNLR 

0.52 

Fan  airflow 

0.5 

A8 

1.2 

Fan  eff. 

0.5 

XMll 

1.65 

Core  compre.  eff. 

0.5 

P49/PTO 

1.07 

P4/P3 

0.5 

PS3/PT0 

0.97 

Comb.  eff. 

0.3 

TP3 

5.5 

HP  turb.  eff. 

1.0 

TP4 

3.74 

A49 

1.0 

TPS 

1.74 

LP  turb.  eff. 

1.0 

TP  6 

1.85 

P18/P14 

0.2 

T41C/tl 

1.04 

P56/P5 

0.5 

T49/T1 

1.05 

Interstage  Bid. 

1.0 

T8/T1 

1.04 

P3  Bid. 

1.0 

PCHHR 

0.30 

HP  extract. 

18.6  kw  (25  hp) 

TP  12 

2.41 

Cooling  Bid. 

0.55 

WFM/PTO 

1.43 

AEll 

0.1 

P14/PT0 

1.11 

P14/PT0(  P/P) 

0.93 
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Control  Modes 


Another  task  necessary  in  the  definition  of  the  automatic  control  was  the 
identification  and  evaluation  of  control  modes,  that  is,  the  Interrelation- 
ships between  manipulated  and  controlled  variables. 

Key  operational  requirements  applicable  to  establishing  automatic  control 
modes  at  various  conditions  are; 

• Takeoff  - Set  guaranteed  maximum  static  thrust  or  percent  thereof 

• Climb  - Set  guaranteed  maximum  installed  thrust  or  percent  thereof 

• Cruise  - Attain  minimum  installed  sfc  at  required  thrust  level. 

• Descent  - Maintain  sufficient  core  speed  Tt  air  conditioning  and 

power  extraction 

• Approach  - Fast  thrust  response  at  readily  controlled  level  up  to 

guaranteed  maximum 

• Ground  Idle  - Minimum  thrust 

- Low  exhaust  pollution 

- rpm  sufficient  for  centrifugal  anti-icing 

A simplified  schematic  of  the  fuel  control  system  is  shown  in  Figure 
12.3.  ‘ ne  fan  speed  (Nl)  demand  to  set  percent  of  thrust  is  generated  as  a 
function  of  power  lever  angle,  inlet  temperature,  and  inlet  pressure.  The 
inlet  temperature  provides  a corrected  fan  speed  reference,  and  the  inlet 
pressure  resets  the  reference  for  altitude  operation.  The  Nl  demand  then  is 
compared  with  Nl,  and  metering  valve  rate  demand  is  generated.  The  rate 
demand  is  compared  with  the  metering  valve  rate  to  generate  a servovalve 
control  signal  that  is  used  to  position  the  metering  valve.  This  interloop 
is  employed  to  provide  stable  responsive  control  of  the  fuel  metering  section. 
Acceleration  and  deceleration  schedules  and  temperature  and  pressure  limits 
that  bound  the  operation  of  the  thrust-setting  governor  to  achieve  safe 
operation  of  the  engine  are  input  to  the  control  strategy  at  the  minimum  and 
maximum  selectors  shown  in  Figure  12.3. 

Core  Stator  Control  - A simplified  schematic  of  the  core  stator  control 
is  sho\«i  in  Figure  12.4.  Tlie  stators  are  scheduled  as  a function  of  corrected 
core  speed.  Core  inlet  temperature,  T25,  is  calculated  as  a function  of 
inlet  temperature  and  fan  speed.  This  eliminates  the  need  for  a separate  T25 
sensor. 

Ov;e  of  the  major  requirements  for  this  engine  is  to  provide  rapid 
thrust  response  during  the  approach  phase  of  the  flight  profile.  This  will 
be  accomplished  through  the  use  of  stator  reset  logic  as  shown  in  Figure  12.5. 
Wlien  the  reset  is  activated,  the  reset  schedule  will  cause  the  stators  to 
close  as  the  power  demand  is  reduced.  This  schedule  will  be  designed  to 
maintain  the  core  speed  at  or  near  takeoff  spe"‘.  Therefore,  when  the  rapid 
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Hydro«ecbanlc»l  Control 


OTW  Fuel  Control  Block  Diagram 


stator 


or  Rese 


thrust  response  is  desired,  only  the  fan  will  have  to  be  accelerated,  since 
the  core  will  already  be  at  full  speed. 

Transient  Response  - Once  the  basic  control  mode  was  defined,  it  was 
integrated  into  a hybrid  computer  model  of  the  engine  and  control  system  in 
order  to  evaluate  stability  and  response  characteristics.  Numerical  values 
in  the  model  were  set  in  several  ways,  some  being  based  on  engine  limits, 
some  on  linear  stability  analyses,  and  some  on  past  experience.  The  model 
was  run  and  adjustments  were  made  as  necessary  to  provide  optimum  stability. 
As  a result  of  this  process  the  model  was  refined  to  provide  satisfactory 
steady-state  and  transient  control. 

After  the  numerical  values  in  the  model  were  refined  for  optimum 
stability,  the  model  was  run  to  explore  the  transient  response  characteristics 
of  the  chosen  control  mode,  particularly  at  approach  conditions,  vdiere  fast 
response  is  most  important.  A typical  data  trace  from  one  of  these  runs  is 
shown  in  Figure  12.6.  Figure  12.7  shows  the  engine  response  characteristics 
with  and  without  stator  reset  as  a function  of  control  power  setting.  This 
figure  also  shows  that  the  chosen  control  mode  meets  the  QCSEE  program  goal 
of  one  second  from  62  to  95  percent  thrust  at  approach  conditions.  Figure 
12.8  shows  the  predicted  characteristics  of  thrust  versus  time  for  various 
control  power  settings.  The  transient  response  data  Indicates  that  a 
significant  Improvement  in  engine  response  time  can  be  obtained  using  the 
stator  reset  technique  discussed  in  the  previous  section. 


Safety  Limits 

Tlie  control  includes  a number  of  safety  limits  which  are  briefly  described 
below: 

T41  Limit  - Turbine  inlet  gas  temperature  (T4l)  is  calculated  in  the 
digital  control  from  the  compressor  discharge  temperature  (T3),  fuel  flow, 
and  compressor  discharge  pressure;  fuel  flow  is  limited  to  prevent  this 
calculated  T41  from  exceeding  a predetermined  limit. 

Acceleration  Limit  - An  acceleration  fuel  schedule  (which  is  a function 
of  core  rpm,  core  compressor  inlet  temperature,  and  core  compressor  discharge 
pressure)  is  Incorporated  in  the  digital  control,  and  fuel  flow  is  prevented 
from  exceeding  this  schedule.  The  schedule  is  designed  to  provide  satisfac- 
tory starts  and  rapid  acceleration  without  core  compressor  stall  or  excessive 
turbine  temperature  transients. 

Deceleration  Limit  - A decc’ oration  fuel  schedule  which  is  a fraction 
of  the  acceleration  schedule  is  incorporated  in  the  digital  control,  and 
fuel  flow  is  not  allowed  to  go  below  this  schedule  except  in  the  case  of 
operation  of  the  emergency  shutdown  noted  below.  This  schedule  is  designed 
to  provide  rapid  engine  deceleration  without  loss  of  combustion. 

Fan  Speed  Limit  (Normal)  - The  digital  control  senses  low  pressure  tur- 
bine rpm  and  limits  fuel  flow  to  prevent  exceeding  a predetermined  normal  fan 
rpm  limit. 
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• Sea  Level  Static 


• Standard  Day 


• Zero  Bleed 
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Fiy:ure  12. G.  Typical  Transient  Response  Data  Trace. 
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Figure  12.7.  Transient  Response. 


or  Reset. 


Core  Speed  Limits  - Both  the  digital  and  hydromechanical  controls  sense 
core  speed  and  provide  fuel  flow  limiting  to  prevent  core  overspeed. 

Emergency  Shutdown  - Tills  feature  provides  complete  fuel  shutoff  In  the 
event  that  low  pressure  turbine  rpm  exceeds  an  absolute  maximum  limit  or  a 
preset  rate  of  change.  All  elements  of  this  feature  are  electrically 
isolated  from  the  remainder  of  the  system  so  that  it  also  protects  against 
system  fault  which  might  cause  fan  overspeed. 


12.3.3  Digital  Control  Subsystem 

The  digital  control  subsystem,  shown  In  Figure  12.9,  consists  of  an 
engine-mounted  digital  control  and  command  and  monitor  peripheral  equipment 
located  in  the  control  room. 

The  digital  control  performs  the  computational  requirements  for  the 
overall  engine  control  system  based  on  the  demands  received  from  the  comnand 
and  monitor  equipment  and  other  parameters  received  from  engine-mounted 
sensors.  In  addition  to  generating  control  signals  to  manipulate  fuel  flow 
and  compressor  vane  angle,  the  digital  control  transmits  engine  and  control 
data  to  the  comraand-and-monltor  equipment  in  the  control  room. 

The  command-and-monltor  equipment  has  a number  of  featu?  s to  provide 
flexibility  in  testing  an  experimental  engine.  These  Include  the  following 
(1)  several  modes  of  operation,  (2)  selected  adjustment  inputs  to  modify 
eteady-state  and  dynamic  characteristics  of  the  control  strategy,  (3)  a 
fault  indication  and  corrective  action  program,  and  (4)  a comprehensive 
control  and  engine  parameter  display  system  which  provides  conditioned- 
monitoring  features  for  the  experimental  engine. 

A comprehensive  failure  filter  employing  a form  of  Kalman-Bacy  filtering 
technique  will  be  demonstrated  on  the  OTW  for  the  first  time.  The  scheme, 
shown  in  Figure  12.10,  Includes  a model  of  the  engine  for  the  purpose  of 
estimating  control  sensor  outputs.  The  engine  model  operates  on  the  fuel 
control  and  stator  control  drive  signals  (IWFTM  and  I3C)  and  the  control 
sensor  data  to  produce  an  estimate  of  the  control  sensor  outputs.  For  small 
deviations,  between  the  sensor  outputs  and  the  computed  values,  the  computer 
values  will  be  adjusted  to  reflect  the  value  of  the  sen"’'>r  outputs  through 
the  ”K"  matrix  shown  in  Figure  12.10.  If,  however,  the  deviation  becomes 
larger  than  some  predescribed  limit,  a failed  sensor  is  Indicated;  the 
computed  value  will  be  inserted  into  the  program  in  place  of  the  sensor  value. 

Fault  indication  is  a part  of  the  digital  control  strategy.  Four  fault 
tests  are  performed  by  the  digital  control.  These  are  as  follows: 

1.  Digital  control  fault  test  to  check  out  the  analog-to-digltal  and 
dlgltal-to-analog  converters  and  certain  portions  of  the  digital 
control  associated  with  test. 
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2.  High  engine  vibration  levels. 

3.  Low  pressure  turbine  rotor  overspeed. 

4.  Loss  of  command  data  link. 

For  the  experimental  engine,  the  corrective  action  for  the  fault  con- 
ditions No.'s  1,  2,  and  3 is  to  reduce  or  shut  down  ? :.l  flow,  and  the 
corrective  action  for  fault  condition  No.  4 is  to  fail-fixed  at  the  last 
true  inputs.  Fault  status  is  part  of  the  monitoring  system.  If  a fault 
occurs,  a fault  discrete  lights  on  the  operator  control  panel  and  the  fault 
condition  may  be  uniquely  identified  on  the  engineering  control  panel. 

The  following  listing  contains  48  control  and  engine  parameters  and  can 
be  read  out  from  the  command-and-monltor  equipment  in  the  control  room. 


QCSEE  OTW  Monitor  Data 


1. 

Fuel  control  torque  motor  current 

22. 

2. 

Compressor  stator  torque  motor  current 

23. 

3. 

Fuel  flow 

24. 

4. 

Calculated  turbine  inlet  temperature 

5 . 

Inlet  Mach  number 

25. 

6. 

Compressor  discharge  to  inlet  pressure 

26. 

ratio 

27. 

7. 

Electrical  power  demand 

28. 

8. 

Fan  speed 

29. 

9. 

Core  speed 

30. 

10. 

Compressor  stator  angle 

31. 

11- 

15 . Fault  identification  data 

32. 

16. 

Fuel  mode  control  indication 

33. 

17. 

Hydromechanical  p'  • • lever  angle 

18. 

Inlet  temperature 

34. 

19. 

Inlet  total  pressure 

35. 

20. 

Fan  discharge  to  inlet  differential 
pressure 

36. 

21. 

Inlet  total-to-static  differential 

37-48 

pressure 


Compressor  discharge 
pressure 

Metering  valve  position 

Compressor  discharge  tem- 
perature 

Mode  control  demand  input 

Fuel  temperature 

Exhaust  gas  temperature 

Engine  oil  inlet  teiq>er&ture 

ScavenRe  oil  temperature 

Engine  oil  Inlet  pressure 

Scavenge  oil  pressure 

Fan  discharge  temperature 

Low  pressure  turbine 
discharge  pressure 

Gearbox  interrace  bearing 
temperature 

Engine  horizontal  vibration 
Engine  vertical  vibration 
. Failure  filter  data 


3r>0 


The  above  data  may  be  read  from  a number  of  stations  In  the  control 
room.  Any  of  the  48  parameters  may  be  selected  for  display  on  a Binary 
Coded  Decimal  readout  on  the  engineering  control  panel,  and  all  parameters 
are  transmitted  serially  to  the  remote  (NASA)  computer  binary  form. 
Parameters  1 through  15  are  available  for  real-time  analog  recording  at  the 
interconnect  panel,  and  any  of  the  48  channels  may  be  selected  for  analog 
recording  as  a 16th  channel.  Full  parametric  digital  readouts  of  parameters 
3 through  10  are  displayed  on  the  operator  panel.  Torque  motor  currents 
(items  1 and  2)  are  displayed  on  analog  meters  on  the  engineering  panel. 


Digital  Control 

The  digital  control  accepts  operational  Input  demand  and  engine  param- 
etric Information  in  the  form  of  AC  and  DC  analog  and  digital  signals  and 
uses  this  information  to  generate  engine  control  signals  and  engine  condition- 
monitoring data.  A simplified  block  diagram  of  the  control  is  shown  In 
Figure  12.11.  The  analog  signals  are  conditioned  to  a standard  voltage  range 
and  then  multiplexed  to  an  analog-to-digital  (A/D)  converter.  The  output  of 
the  A/D  converter  is  fed  to  the  central  processor  unit  (CPU)  where  all 
necessary  calculations  are  performed.  The  CPU  output  Is  fed  Into  two  cir- 
cuits. One  circuit  is  a multiplexer  that  sends  data  out  to  the  aircraft. 

The  other  circuit  is  a dlgltal-to-analog  (D/A)  converter  circuit.  The  out- 
put of  the  d/a  converter  is  fed  to  sample  and  hold  circuits  and,  subsequently, 
to  the  output  drive  circuits.  The  drive  circuits  provide  signals  to  the 
torque  motors  that  are  used  to  provide  engine  control.  Power  to  the  control 
is  provided  by  an  engine-mounted  alternator.  The  alternator  AC  signal  is 
converted  to  the  necessary  regulated  DC  voltages. 


Digital  Control  Inputs  and  Outputs 

The  QCSEE  digital  control  inputs  and  outputs  listed  in  Tables  12-IV, 
12-V,  12-VI,  and  12-VII  are  described  below. 

Inputs  to  the  digital  control  consist  of  four  classifications: 

(1)  instrumentation  signals,  (2)  sensor  and  transducer  signals,  (3)  power 
signals,  and  (4)  digital  signals.  Table  12-IV  is  a list  of  the  instrumenta- 
tion input  signals.  These  signals  are  all  0-10  volt  levels  and  the  only 
signal  conditioning  required  is  an  isolation  amplifier  in  the  digital  con- 
trol. Presently  there  are  15  instrumentation  signals  being  used  and  there 
are  four  spare  inputs  that  may  be  used  if  needed. 
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Table  12-lV.  Digital  Control  Instrumentation  Input  Signals. 


1. 

Spare 

11. 

P5  pressure 

2. 

Fuel  temperature 

12. 

Gearbox  inner  race  bearing 
temperature 

3. 

WF  manifold  pressure 

13. 

Horizontal  vlb 

4. 

EGT 

14. 

Vertical  vib 

5. 

Fuel  flow 

15. 

Core  stator  position 

6. 

Lube  pressure 

16. 

Spare 

7. 

Lube  scavenge  pressure 

17. 

Spare 

8. 

Lube  oil  inlet  temperature 

18. 

Spare 

9. 

Lube  scavenge  oil  temperature 

19. 

Spare 

10. 

T25 

Table  12-V.  Digital  Control  Engine  Sensor  and  Transducer  Signals. 


1. 

Power  lever  RVDT  (rotary  variable 

7 . 

T12  (fan  inlet  total 

differential  transformer) 

temperature) 

2. 

Fuel  metering  valve  RVDT 

8. 

PS3  (compressor  discharge 
static  pressure) 

3. 

Core  stator  LVDT  (linear  VDT) 

9. 

PTC  (engine  inlet  total 

4. 

^IT  turbine  rpm  No.  1) 

pressure) 

5. 

(LP  turbine  rpm  No.  2) 

10. 

PTO-PSll  (iiilet  static 
pressure) 

6. 

T3  (compressor  discharge 
total  temperature) 

11. 

P14  (fan  discharge  total 
pressure)  - PTO 
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Table  12-VI.  Alternator  and  Digital  Signals  to  Digital  Control 


1.  N2  alternator  winding 

2.  N2  alternator  winding 

3 . Command  data 

A.  Command  Sync.  Digital  Signals  - 

5.  Command  clock 

Table  12-VII.  Digital  Control  Outputs. 

1.  Fuel  metering  valve  torque  motor  current  (TMC) 

2.  Core  stator  LVDT  excitation 

3.  Fuel  metering  valve  RVDT  excitation 

4.  Power  lever  RVDT  excitation 

5.  Fan  nozzle  LVDT  excitation  (flight  version  only) 

6.  Core  stator  TMC 

7.  Emergency  shutdown  TMC 

8.  Monitor  sync. 

9.  Monitor  clock  Digital  Signals  - 

10.  Reset 


3 twisted  pairs  to 
digital  control 


4 twisted  pairs  to 
control  room  inter- 
connect unit 


11 


T12  excitation 


The  sensor  signals  are  shown  In  Table  12-V  and  come  from  various  trans- 
ducers and  sensors  located  on  the  engine.  Some  signals  are  AC  and  some  are 
DC  and  have  various  voltage  ranges.  These  signals  are  conditioned  to  a 
standard  0-10  volt  level  In  order  to  be  used  by  the  digital  control. 

The  remaining  inputs  are  the  alternator  signals  that  provide  the  power 
to  the  digital  control  and  the  digital  signals  that  feed  digital  data  to  the 
control.  These  are  listed  in  Table  12-VT. 

The  QCSEE  digital  control  outputs  are  of  three  types:  (1)  torque 

motor  drive  signals,  (2)  transducer  and  sensor  excitation  signals,  and 
(3)  digital  signals.  Table  12-VTI  lists  these. 


Digital  Control  Functional  Description 
Input  Signal  Conditioners 

The  input  signal-conditioning  circuits  are  of  two  types:  (1)  Isolation 

amplifiers  and  (2)  processing  amplifiers.  The  isolation  amplifiers  isolate 
the  instrumentation  output  amplifiers  from  the  control.  These  amplifiers 
prevent  loading  problems. 

The  signal  processing  amplifiers  differ  in  design  depending  on  the 
type  of  input  signal.  Tliese  consist  of  demodulating  circuits,  frequency- 
to-DC  converters,  and  straight  gain-setting  amplifiers.  These  circuits 
condition  all  input  signals  to  a standard  0-10  volt  level  over  the  signal 
range  of  interest.  The  proper  gains  and  offsets  to  accomplish  this  are 
set  in  these  amplifiers.  The  outputs  of  both  isolation  amplifiers  and 
processing  amplifiers  are  fed  into  an  analog  multiplexer. 


Analog  Multiplexer 

Tlie  analog  nmlitplexer  circuit  consists  of  three  16-channel  multiplexer 
chips  making  a total  of  48  signals  which  can  be  multiplexed.  Each  channel 
can  be  addressed  separately  depending  on  the  signal  needed  by  the  digital 
control  at  any  particular  time.  The  outputs  of  the  three  multiplexer  chips 
are  connected  together  and  are  fed  to  a sample  and  hold  circuit.  The  output 
of  this  circuit  goes  to  an  A/D  converter  circuit. 


Analog- to-Di git al  (A/D)  Converter 

Tlie  A/D  converter  is  a 12-blt  successive  approximation-type  circuit 
with  a conversion  time  of  24  microseconds.  The  input  to  the  A/D  converter 
is  a 0-10  volt  DC  signal  and  is  converted  to  a digital  word  that  corresponds 
to  the  particular  voltage  at  the  converter  input.  For  12  bits,  there  are 
4096  possible  words.  The  output  of  the  A/D  converter  is  fed  to  a serial 
digital  multiplexer  and  from  there  to  the  central  processor  unit  (CPU). 
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Central  Processor  Unit  (CPU) 


The  CPU  along  with  the  program  memory  form  the  digital  computer  of 
the  digital  control.  This  circuit  contains  the  arithmetic  logic  unit*  the 
control  and  timing  unit,  the  scratch  pad  memory,  the  accumulator,  and  other 
logic  circuits  necessary  to  carry  out  all  calculations  to  generate  the  engine 
control  signals  and  other  functions.  This  unit  accepts  the  A/D  converter 
signals  and  the  aircraft  digital  signals  via  the  serial  digital  multiplexer. 

A block  diagram  of  the  CPU  Is  seen  In  Figure  12.12.  Ihe  output  of  the  CPU 
Is  fed  to  a digital  multiplexer  whose  output  transmits  data  to  the  aircraft. 
The  CPU  output  also  goes  to  a dlgltal-to-analog  converter. 


Dlgltal-to-Analog  (D/A)  Converter 

The  D/A  converter  has  a 12-blt  digital  word  as  an  input  and  the  output 
is  one  of  4096  possible  voltage  levels  corresponding  to  the  digital  Input. 
The  output  of  the  D/A  Is  bipolar  and  will  be  In  the  -5  volt  to  +5  volt  range. 
The  D/A  output  is  fed  to  the  output  drive  circuits. 


Output  Drive  Circuits 

The  output  drive  circuits  consist  of  sample  and  hold  circuits  and  the 
output  circuits  needed  to  power  the  valves,  torque  motors,  etc.  As  the 
digital  control  performs  the  programmed  calculations,  the  output  of  the 
D/A  converter  is  sampled  at  the  proper  time  and  stored  In  a sample-and-hold 
circuit.  This  value  Is  held  until  the  next  time  the  program  calls  for  this 
particular  sample-and-hold  circuit  to  be  pulsed  and  the  next  value  of  the 
calculation  to  be  stored.  The  output  of  each  sample-and-hold  circuit  is  fed 
to  a driver  amplifier.  The  outputs  of  the  driver  amplifiers  are  used  to 
actuate  the  torque  motors  and  the  valves  that  provide  engine  control. 


Other  Circuits 


Transducer  excitation  circuits  also  are  provided  in  the  digital  control. 
A 2.048-mHz  clock  signal  Is  used  to  generate  a 3011-Hz,  20-voit,  peak-to-peak 
sine  wave  signal.  This  signal  Is  fed  to  two  transducer  driver  amplifiers 
whose  outputs  are  used  to  provide  the  excitation  voltage  for  the  position 
transducers  (VDT's).  The  3011-Hz  signal  also  is  used  as  a demodulate 
reference . 

The  emergency  shutdown  and  overspeed  circuit  performs  two  functions: 

(1)  detects  a failure  in  the  low  pressure  system  through  speed  rate  of 
change,  and  (2)  detects  a low  pressure  turbine  overspeed.  If  either  of  these 
conditions  exists,  a fuel  valve  is  closed  to  shut  down  the  engine.  This 
circuit  is  self-contained  and  has  its  o:m  power  supply. 
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Control  & 
Timing  Unit 


The  QCSEE  digital  control  power  supply  circuit  accepts  an  AC  signal 
from  an  engine-mounted  alternator  and  converts  it  to  the  desired  regulated 
voltages.  There  are  three  supplies:  (1)  a 4-15  and  -15  volt  supply,  (2)  a 

+11  and  -11  volt  supply,  and  (3)  a +5  volt  supply. 


Mechanical  Design 

The  engine-mounted  digital  control  unit  is  made  up  of  a chassis  which 
provides  mounting  and  which  contains  electrical  connectors  for  external 
communications  and  a series  of  individual  modules  which  contain  the  elec- 
trical components  and  circuits.  A sketch  of  the  unit  is  shown  in  Figure  12.13, 
and  a typical  module  is  shown  in  Figure  12.14. 

The  mechanical  design  and  packaging  approach  for  Che  digital  control 
uses  de8lgi:.s  similar  to  existing  on-englne  electrical  controls  which  have 
been  proven  on  many  military  engine  applications.  To  achieve  the  required 
reliability  level,  the  controx  mechanical  design  must  consider  the  unique 
turbine  engine  environment.  Detail  consideration  is  given  to  vibratory 
loads  and  cyclic  temperature  effects  with  respect  to  materials,  mounting, 
potting,  and  interconnections.  Structural  integrity  of  the  electrical  com- 
ponents and  interconnections  is  provided  by  Installing  the  components  in 
module  cans  which  are  filled  with  a resilient  potting  coutpound.  This  approach 
provides  vibration  damping.  The  digital  control  will  be  designed  to  meet 
a 10-g  vibration  level.  The  module  cans  are  filled  with  potting  material 
to  a level  covering  the  upper  edge  of  the  printed  circuit  boards  (PCB's). 

Hookup  wires  are  attached  to  the  exposed  pins  at  the  upper  edge  of  the 
PCB’s,  and  a clear  RTV  is  used  to  fill  the  module  can.  The  above  potted 
assembly  is  called  a module.  Each  module  Is  a functionally  discrete  portion 
of  the  control.  It  is  tested  as  an  individual  assembly  and  is  directly 
Interchangeable  with  a like  module  should  replacement  become  necessary. 

Digital  circuits,  which  use  dual  in-line  package  (DIP)  components  are 
mounted  on  wire-wrapped  PCB's.  These  PCB's  have  terminal  inserts.  Inter- 
connections are  made  by  wire  wrapping  solid  insulated  wire  as  required  for 
a point-to-point  wiring  arrangement  on  the  inserts.  These  wire  wraps  and  the 
DIP  terminal  Interfaces  are  soldered  to  complete  the  electrical  connections. 

The  assembly  for  the  wire-wrapped  PCB's  is  the  same  as  for  the  analog  modules. 

The  chassis  which  contains  the  modules,  the  connectors,  the  electrical 
filters,  and  pressure  transducers  is  a dip-brazed,  aluminum,  inseparable 
assembly.  The  chassis  is  supported  on  each  end  by  a mounting  bracket  to 
the  fan  frame  inside  of  the  nacelle.  Brackets  are  strengthened  with  a "T" 
sectioned  brace  between  them.  One  of  the  connectors  is  mounted  on  the 
electrical  filter  housing  which  is  needed  for  electromagnetic  compatibility 
(EMC)  purposes.  Three  of  the  pressure  transducers  are  mounted  on  a single 
manifold  which  receives  the  necessary  inputs  through  three  pressure  ports . 

The  manifold  is  mounted  to  a support  plate  along  with  two  connectors  and  a 
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Figure  12,14.  Typical  Digital  Control  Module. 
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self-mounted  transducer.  Five  connectors  are  mounted  on  a second  support 
plate.  These,  two  connector  supports  and  the  filter  housing  help  form  the 
housing  on  the  chassis.  Internal  to  the  chassis , two  stiffening  ribs  are 
used  to  carry  the  module  loads  out  to  the  sides  of  the  chassis.  T»o  flanges, 
stiffened  wltn  gussets,  carry  the  loads  from  the  chassis  sides  out  to  the 
mounting  brackets.  The  transducer  and  connector  mounting  system  is  rugged 
enough  to  adequately  resist  the  loads  imposed  by  the  electrical  cables  and 
the  pressure  .ines.  External  surfaces  of  the  chassis  and  covers  are 
anodized  to  improve  their  resistance  to  handling.  Chassis  surfaces  which 
Interface  witn  connector's,  mod  i..!'.,  transducers,  covers,  electrical  filters, 
and  ground  paths  are  chemically  treated  to  minimize  electrical  resistance. 

The  lower  electrical  resistance  improves  the  EMC  capability.  The  module 
mounting  surface  has  finned  passages  for  cooling  air  flow.  These  passages 
are  located  so  as  to  maximize  the  conductive-convective  relationships.  The 
whole  heat  transfer  system  is  designed  to  minimize  the  temperature  difference 
between  the  cooling  air  and  the  electrical  components. 


Command  and  Monitor  Peripheral  Equipment 

An  overall  function  schematic  of  the  command  and  monitor  equipment  is 
shown  in  Figure  12.15.  The  interconnect  unit  processes  all  of  the  command 
data  received  from  the  operator  and  engineering  control  panels  and  the 
remote  NASA  computer  and  transmits  these  data  to  the  digital  control  in  a 
time-shared  serial  format  in  a sequence  prescribed  by  the  digital  control. 
Engine  and  control  monitor  data  received  from  the  digital  control  are 
processed  in  the  interconnect  unit  and  transmitted  to  the  operator  control 
panel,  the  engineering  panel,  the  remote  (NASA)  computer,  and  to  instrumen- 
tation. The  following  is  a description  of  the  input  and  output  requirements 
of  each  of  the  command  and  monitor  units. 


Input  and  Output 

The  inputs  and  outputs  to  and  from  the  interconnect  unit  are  in  the 
form  of  digital  and  analog  signals. 


Engineering  Control  Panel 

From  the  Engineering  Control  Panel  to  the  interconnect  unit,  analog 
signals  of  levels  of  0 to  10  volts  are  used  to  transmit  control  demand  and 
adjustment  information.  Mode  information  is  transmitted  in  a parallel 
digital  manner. 

From  the  interconnect  unit  to  the  Engineering  Control  Panel,  monitoring 
information  is  transmitted  in  a serial-digital  form.  The  information  trans- 
mitted is  converted  from  binary  to  binary  coded  decimal  and  one  selected  word 
at  a time  may  be  displayed  on  a four-decade  digital  panel  meter.  Analog 
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signals  i*epresentlng  fuel  nM?terlng,  and  core  stetor  torque  motor  currents 
arc  transmitted  to  the  Engineering  Control  Panel  and  displayed  on  three 
analog  panel  meters  (Figure  12.16). 


Operator  Control  Panel 

From  the  operator  control  panel  to  the  interconnect  unit,  analog 
sigiAals  (0  to  10  volts)  are  used  to  transmit  control  demand  Information. 
Mode  information  is  transmitted  in  a parallel  digital  manner.  The  informa- 
tion transmitted  Is  illustrated  on  the  lower  portion  of  the  front  panel 
display  of  Figure  12.17. 

From  the  interconnect  unit  to  the  operator  control  panel,  monitoring 
information  is  ransmitted  serially  In  a digital  wanner.  The  information 
is  scaled  by  a microprocessor  and  displayed  on  nine  A-decade  digital  panel 
meters.  'Hie  information  displays  are  shown  on  the  upper  front  panel  as 
shown  in  Figure  12.17. 


Remote  Terminal  Unit 


From  the  Remote  NASA  Computer  to  the  Interconnect  Unit,  four  16-bit 
data  words  are  transmitted  serially  by  bit.  These  words  contain  one  mode 
word  and  three  control  comnumd  words. 

From  the  interconnect  unit  to  the  Remote  NASA  Computer,  monitoring 
information  is  transmitted  serially  by  bit.  Tlie  Remote  Computer  will 
accept  this  information  and  convert  It  to  a form  acceptable  to  the  user. 


Digital  Control 

From  the  interconnect  unit  to  the  digital  control,  all  the  information 
gathered  from  the  peripheral  units  is  transmitted  to  the  digital  control 
serially  by  bit  upon  demand  from  the  digital  control. 

From  the  digital  control  to  the  interconnect  unit,  monitoring  informa- 
tion is  triuismitted  serially  by  bit  and  distributed  to  each  peripheral  unit 
in  a suitable  format  acceptable  to  that  unit. 


Functi onal  Description 
Signal  Condi t loners 

All  digital  signals  are  tr;insmitted  by  differential  line  drivers  and 
received  by  a differential  line  receiver  over  twisted  wire  pairs.  All 
analog  signals  transmitted  are  buffered  by  low  output  Impedance  amplifiers 
iuid  received  by  operational  amplifiers  in  a differential  configuration. 
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Analog  Multiplexer 


Tlie  analog  multiplexer  located  in  the  Interconnect  Unit  consists  of 
two  16-channel  multiplexer  chips  capable  of  handling  all  the  analog  Inputs 
from  the  Engineering  Control  Unit  and  the  Operator  Control  Unit.  Each  of 
the  18  Inputs  is  capable  of  being  addressed  separately  in  a predetermined 
sequence  at  a particular  time  determined  by  the  digital  control.  Ihe  output 
of  the  multiplexer  circuit  goes  to  a sample-and-hold  circuit  and  awaits  A/D 
conversion. 


Analog-to-Digital  Conversion 

All  analog  signals  coming  into  the  Interconnect  Unit  are  converted  to 
a digital  word  upon  comnand  from  the  digital  control  just  prior  to  being 
transmitted  to  the  digital  control. 


Data  Bus 

Digital  multiplexing  at  the  data  bus  is  accomplished  by  employing 
tristate  logic  devices  to  provide  Inputs  to  the  bus.  The  three  states  are 
hi^  output,  low  output,  and  high  impedance.  Placed  in  the  high  impedance 
state,  the  devices  can  be  essentially  deactivated,  while  the  other  two 
states  are  used  to  define  logic  levels  in  the  transmission  mode.  All  but 
one  of  the  devices  whose  outputs  are  connected  to  the  data  bus  shown  in 
Figure  12.15  are  placed  in  the  high  impedance  state,  and  the  remaining 
device  will  be  in  the  transmission  mode.  In  this  manner,  a single  input 
to  the  data  bus  is  made  av'>flable  to  the  digital  serializer  as  a 12-bit 
parallel  data  word. 


Digital  Serializer 

Hie  digital  serializer  is  a 12-blt  shift  register  which  is  parallel 
loaded  upon  command.  Subsequently,  the  data  are  shifted  one  bit  at  a time 
into  the  transmission  system. 

Isolators 


Hie  Isolation  of  signal  and  signal  grounds  is  accomplished  by  means  of 
optical  isolators.  Hiese  devices  convert  electrical  signals  into  light, 
internally,  and  then  reconvert  the  light  signal  back  into  electrical  signals. 
This  process  breaks  all  electrical  connection  from  input  to  output  while 
maintaining  the  signal  information.  H>  ourpose  of  the  isolators  is  to 
assure  that  ground  loops,  power  dif ferc.-c is  between  systems,  and  signal 
noise  are  reduced  to  a minimum. 


Power  Supply  System 


'Hie  power  supply  for  the  peripheral  units  Is  derived  from  a AOO  Hz 
source  of  200  volt/amps  or  more.  In  the  interconnect  unit  +15  ajid  -15 

volts  are  developed  and  routed  to  the  Engineering  Control  Unit  and  the 

Operator  Ccntrol  Unit,  Analog  circuits  requiring  the  use  of  ±15  volts 
in  any  of  the  three  units  use  this  regulated  supply, 

Tlie  +5  volts  supply  is  generated  separately  and  used  as  a logic  supply 
in  each  of  the  three  units, 

Tliere  are  two  isolated  +5  volt  logic  supplies  in  the  interconnect  unit 
derived  specifi c-iily  to  be  used  in  the  isolation  technique  used  in  this 
system. 

Tlie  Operator  Control  Unit  develops  -lOv  and  -12v  for  the  scaling 
microprocessor.  Ihe  +5  volts  is  developed  for  a logic  supply,  and  the  12 

volts  AC  is  used  to  liglit  the  front  panel  push  button  switches  and  indicators. 

Tlie  Engineering  Control  Unit  develops  -lOv  to  reference  the  potenti- 
iometers.  Tlie  +5  volts  is  used  as  a logic  supply  while  the  10  volts  AC  is 
the  deriving  source  as  well  as  the  supplier  of  the  one  lifted  indicator  on 
the  front  panel,  Ihe  +15  volts  is  used  to  derive  the  -10  volts  iis  well  as 
operating  analog  circuits. 


Other  Considerations 


Tltc  packaging  of  the  Off-Engine  Control  Peripheral  Units  (consisting 
of  the  operator  control  unit,  the  engineering  control  unit,  and  the  inter- 
connect unit)  is  designed  to  oper'ate  in  a control  room  environnK*nt . Both 
mechanical  and  electrical  systonvs  are  designed  for  control  room  use  only. 


12.3.4  Hy drome chani cal  Control 
General  Description 

Tlie  QCSEE  hydromechanical  control  Is  an  FlOl  main  engine  control  which 
will  contain  appropriate  modi fications  applicable  to  the  uniqvje.  requirements 
of  the  QCSEE  control  system  emd  engine,  llie  Woodward  GovetTJor  Company  is 
the  vendor  source  for  this  control. 

llte  modified  FlOl  control  will  perform  the  following  subsystem  functions: 

• Modulates  core  engine  fuel  flow  to  govern  core  speed  as  a 
hvickup  to  the  digital  control 

• Provides  positiv^e  fuel  flow  shutoff  ;md  limits  core  engine 
overs peed 
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• Reduces  fuel  flow  In  proportion  to  electrical  slgials  from  the 
digital  control  as  the  primary  fuel  control  method 

• Provides  power  lever  position  intelligence  to  the  digital  control 

• Provides  minimum  fuel  system  pressurization 

• Provides  fuel  flow  shutoff  to  limit  fan  overspeed  in  response 
to  electrical  control  signals  from  the  digital  control 

• Provides  electrical  metering  valve  position  intelligence  to 
the  digital  control 


Hydromechanical  Control  Inputs  and  Outputs 

The  Inputs  to  and  outputs  from  the  hydromechanical  control  are  listed 
below: 


Inputs 

Outputs 

• 

Pump  discharge 

• 

Metered  engine  fuel  flow 

• 

Power  lever  angle 

• 

Bypass  fuel  flow 

• 

Core  engine  drive  speed 

• 

Stator  vane  actuator  control 
supply  pressure 

• 

Electrical  fuel  flow  limit 
signal 

• 

Power  level  electrical 
position  signal 

• 

Electrical  fan  overspeed 
signal 

• 

Metering  valve  electrical 
position  signal 

Hydromechanical  Control  Functional  Description 

A functional  block  diagram  of  the  hydromechanical  control  is  shown  in 
Figure  12. 18, 

Fuel  flow  to  the  engine  is  set  by  controlling  the  area  of  the  metering 
valve  and  maintaining  a constant  pressure  differential  across  it  by  means  of 
the  bypass  valve  whlcli  returns  excess  fuel  to  the  fuel  return  and  thence  to 
the  fuel  pump  inlet. 

Metering  valve  area  is  controlled  by  the  metering  valve  actuator 
which  is  a fuel-operated  piston  that  responds  to  the  output  of  an  electro- 
hydromechanical computer  netwcrk  within  the  control.  One  of  the  inputs 
to  this  network  is  an  electrical  signal  from  the  digital  control.  This 
signal  will  normally  be  in  command  of  the  metering  valve. 
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Ihe  core  speed  governor  receives  an  input  demand  by  means  of  a cam 
that  is  scheduled  as  a function  of  mechanical  power  lever  position.  This 
demand  is  applied  to  a flyball  governor  rotated  by  the  core  engine  rotor 
through  the  accessory  gearbox  and  control  drive  shaft.  If  the  demanded 
speed  and  actual  speed  do  not  correspond*  the  governor  ports  fuel  servo 
pressure  toward  the  metering  valve  actuator  to  change  fuel  flow  and  thus 
correct  the  difference.  This  pressure  will  only  get  through  to  the  actuator, 
however,  if  the  governor  is  calling  for  less  fuel  flow  than  the  electrical 
command  from  the  digital  control. 

The  control  includes  two  valves  downstream  from  the  metering  valve, 
a power  lever  operated  shut-off  valve,  and  a pressurizing  valve  which  operates 
to  assure  adequate  fuel  pressure  at  low-flow  conditions  to  operate  the  core 
stator  actuators  and  other  fuel  servomechanisms  and  which  also  serves  as  an 
emergency  fuel  shut-off  valve,  closing  in  response  to  a fuel  servovalve 
operated  by  a signal  from  the  digital  control. 

The  hydromechanical  control  will  be  mounted  on  the  FlOl  fuel  pump 
similar  to  Figure  12.19.  The  pump  is  V-band  flange-mounted  to  an  FlOl 
gearbox  pump  drive  pad.  Through  shafting,  it  is  used  to  provide  core  speed 
input  to  the  control  drive  spline. 


12. A FUEL  DELIVERY  SYSTEM 


The  QCSEE  fuel  delivery  system  is  primarily  based  on  FlOl  engine  main 
fuel  system  components  including  the  hydroinechanical  control  and  temperature 
sensor  described  in  Section  12.3.3.  The  fuel  delivery  system  Includes  the 
following  elements: 

a Fuel  control  (metering  section) 

a Main  fuel  pump 

a Fuel  filter 

These  elements  are  interconnected  as  shown  in  the  schematic  of  Figure  12.20. 

The  fuel  pump  is  a standard  FlOl  main  fuel  pump  unmodified.  It  is  a 
balanced  vane  design  of  fixed  displacement  and  contains  an  integral  centri- 
fugal booster  stage  to  charge  the  vane  Intakes. 


12.5  COMPRESSOR  STATOR  ACTUATION  SYSTEM 


Actuation  of  the  core  compressor  stators  is  accomplished  by  a pair  of 
fu.^l-operated,  ram  actuators  (Figure  12.21).  Flow  to  the  actuators  la 
controlled  by  separate,  4-way,  electroliydraullc,  directional  flow  control 
valves  mounted  on  a common  manifold  block  which  is  mounted  on  the  hydro- 
mechanical  control.  Tlie  valves  control  flow  in  response  to  a direct-current 
electrical  signal  from  the  digital  control. 

A sch-«imatic  of  the  valve  design  is  shown  on  Figure  12.22.  The  electrical 
signal  is  applied  to  parallel,  redundant  colls  of  the  flat  armature  torque 
motor  which  applie.n  torque  to  the  jet-pipe  causing  it  to  deflect.  Tliis 
deflection  unbalancv^.s  the  pressure  on  the  opposite  ends  of  tlve  t^v-ool,  causing 
it  to  move  until  the  jet  pipe  is  returned  to  its  center  position  by  the 
feedback  spring,  the  force  of  the  spring  just  counteracting  the  torque 
generated  by  the  electrical  signal.  In  this  manner,  spool  position  is  made 
proportional  to  the  electrical  signal  current.  The  position  of  the  spool 
determines  the  porting  between  the  high  pressure  supply  from  the  hydraulic 
pump  (P),  the  actuation  ports  (1  and  2),  and  the  low  pressure  return  (R) . 

The  acutators  are  FlOl  components  modified  to  increase  the  linear  stroke 
by  5.08  X 10"^m  (0.2  inch).  Tlie  modification  is  accomplished  by  shortening 
the  piston  head  axial  dimension  to  allow  Increased  retraction  when  bottomed 
in  the  cylinder. 


12.6  SENSORS 

The  engine  sensors  are  devices  which  change  the  variable  to  be  measured 
into  a fom  that  can  be  used  as  an  input  signal  to  the  engine  digital  or 
hydromechanical  control  or  as  an  input  signal  to  an  indicator  gage.  The 
sensors  include  the  following: 

Low  pressure  turbine  speed  sensor 
Core  engine  speed  sensor  (AC  generator) 

Fan  inlet  temperature  sensor 

Static  pressure  and  pressure  ratio  sensors 

Position  feedback  sensors 


12.6.1  Low  Pressure  Turbine  (LPT)  Speed  Sensor 

The  LPT  shaft  speed  sensor  produces  two  electrical  signals  that 
represent  the  rotational  speed  of  the  low  pressure  turbine  shaft.  One 
signal  will  be  used  for  engine  fan  speed  governing.  The  other  signal  will 
be  used  to  limit  the  rate  of  speed  change  and  maximum  sp2ed  in  the  event 
of  a loss  of  fan  load,  overspeed,  or  control  failure. 
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Figure  12.21,  Variable  Stator  Vane  Actuators. 


Tlie  speed  sensor  Is  nearly  Identical  to  that  used  on  the  FlOl  engine, 
with  a magnetic  pickup  at  one  end  and  an  electrical  connector  at  the  other. 
Ihe  sensor  is  mounted  within  the  fan  frame;  the  pickup  head  and  supporting 
tube  extend  througl)  a fan  frame  strut  to  a point  aft  of  the  LPT  shaft  front 
bearing.  Tlie  pickup  is  fixed  in  close  proximity  to  a flanged  ferromagnetic 
disk  having  36  equally  spaced  teeth  machined  into  the  flange,  35  with  the 
same  air  gap  and  one  with  less  gap  to  provide  a locating  signal  for  use  in 
rotor  balancing. 

'Ilie  magnetic  pickup  consists  basically  of  a permanent  magnet  behind 
a soft  iron  pole  piece  around  which  a coil  has  been  wound.  The  magnetic 
flux  linking  the  coil  is  hlgli  when  a ferrous  netal  object  (tooth)  is  placed 
in  front  of  the  pole  piece  and  is  low  with  no  ferrous  metal  in  front  of  the 
pole  piece  (slot)  . 'flic  generated  voltage  is  proportional  to  the  rate  of 
change  of  flux  in  the  pole  piece,  and  the  frequency  of  the  AC  signal  is 
proportional  to  the  speed  at  which  the  ferrous  material  (teeth)  passes  in 
front  of  the  pole  piece.  Tlie  wave  form  of  the  electrical  signal  is  nearly 
sinusoidal  depending  upon  the  relative  width  of  slots  and  teeth  on  the 
rotating  disk  and  also  the  width  of  the  piece  relative  to  the  slots  and 
teeth.  Signal  output  from  the  speed  sensor  is  routed  to  a conditioner 
device  in  the  digital  control  which  produces  a uniform  voltage  amplitude 
and  wave  form  at  varying  speeds  so  that  ultimately  the  conditioned  signal 
is  interpreted  in  terms  of  frequency  rather  than  voltage  amplitude. 


12.6.2  Core  Kngine  Speed  Sensor 

An  altemat ing-current-generator , driven  by  the  engine  gearbox,  provides 
electrical  piwer  to  the  engine  digital  control.  In  addition,  a signal  source 
is  generated  which  represents  core  engine  speed  and  is  used  for  engine 
control  and  indicating  purposes. 

Hie  generator  is  a 12-pole,  hlgli-speed,  four-winding,  alternating- 
current-generator.  'Ihe  generator,  shown  in  Figure  12,23,  is  identical  to 
tliat  used  on  the  FlOl  engine.  Ihe  generator  rotor  is  mounted  to  a drive 
shaft  whlcli  is  supported  by  bearings  in  the  accessory  gearbox.  Fach  winding 
on  the  stator  functions  as  an  independent  power  source  with  independent  leads 
and  pins  in  a single  connector. 

A shaft  seal  in  the  gearbox  permits  the  rotor  to  run  m an  essentially 
dry  environment,  reducing  heat  generation  and  avoiding  the  possibility  of 
metallic  particle  pickup  on  the  Alnico-9  magnetic  rotor.  Ihe  rotor  is 
shielded  for  retention  of  the  magnetic  segments  and  to  provide  a smooth, 
low  disk  friction  surface. 

'Ihe  frequency  of  tlie  sinusoidal  wave  form  signal  is  used  as  an  indica- 
tion of  core  engine  speed.  Tlie  drive  gear  ratio  is  sudi  that  the  rotor 
turns  at  24,903  rpm  at  100%  engine  speed  which  results  in  a frequency  of 
2490  llz. 
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12.6,3  Fan  Inlet  Temperature  (T12)  Sensor 


The  T12  sensor  provides  the  engine  control  with  an  electrical  signal 
representing  the  total  temperature  of  the  air  entering  the  fan  for  use  in 
scheduling  and  computing  within  the  digital  control. 

The  fan  inlet  temperature  sensor  shown  in  Figure  12.24  is  Identical  to 
that  used  on  tlie  FlOl  engine.  Tlie  sensor  is  a wire-wound  resistance-type 
device  mounted  on  and  protruding  through  the  front  frame  into  the  fan  inlet 
air  stream.  The  sensor  consists  of  a sensing  element  and  housing.  The 
sensing  elentent  contains  a platinum  wire  wound  on  a cylindrical  platinum 
mandrel.  Hie  wires  are  Insulated  from  each  other  and  the  mandrel  by  a 
ceramic  Insulant.  The  element  is  hermetically  sealed  in  a capped  platinum 
sheath  and  the  connections  are  potted.  The  housing  is  a slotted  airfoil 
which  controls  airflow  so  that  the  sensed  temperature  is  that  of  the  free 
stream.  A series  of  small  holes  bleeds  off  the  boundary  layer  and  turns  the 
stream,  but  not  heavier  particles,  inward  toward  the  sensing  element.  The 
boundary  layer  air  is  exhausted  out  the  top.  Some  of  the  diverted  air 
stream  flows  through  the  first  slot  and  carries  the  lighter  contaminants. 

The  remaining  portion  of  the  diverted  flow  goes  through  the  second  slot  and 
around  the  sensing  element. 

Tlie  T12  sensor  operates  on  the  principle  that  the  resistance  of  the 
platinum  wire  is  a predictable  function  of  temperature.  A constant  direct 
current  of  12.5  milliamperes  is  applied  to  the  sensor  coil,  and  the  voltage 
is  used  as  an  indication  of  temperature. 


12.6.4  Absolute  and  Differential  Pressure  Sensors 

Fan  inlet  static  pressure  (PSll) , fan  discharge  pressure  (P14),  free- 
stream  total  pres  ure  (PTO),  and  core  compressor  discharge  static  pressure 
PS3)  are  sensed  auu  used  in  the  digital  control  for  scheduling  and  compu- 
tation. PS3  and  PTO  are  sensed  as  absolute  pressures  and  (PTO-PSll)  and 
(P14-PT0)  are  sensed  as  differential  pressures. 

The  sensors  are  thin-film  strain  gage  bridge  transducers  identical  to 
tliose  used  in  the  FlOl  engine.  A cross  section  of  the  sensor  is  shown  in 
Figure  12.25.  Tlie  sensors  receive  their  electrical  excitation  from  the 
digital  control  and  change  the  AP  and  static  pressure  signals  to  electrical 
signals.  They  are  located  inside  the  digital  control  chassis. 

^ In^the  thin-film  resistance  strain  gage  bridge  transducer  [below  6.89  x 
10  N/m-  (100  psla)],  the  strain  member  is  a cantilever  beam  which  provides 
a metal  substrate  on  wlilch  a ceramic  film  is  deposited  for  electrical  insula- 
tion. For  higher  pressures,  a diaphragm  is  used  Instead  of  the  cantilever 
beam.  The  four  strain  gage  resistors  are  then  vacuum  deposited  on  the 
insulator.  The  resistors  are  electrically  connected  into  a bridge  circuit 
using  film-deposited  interconnecting  leads. 


Figure  12.24.  Fan  Inlet  Temperature  (T12)  Sensor. 
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Figure  12.25.  Pressure  Sensor 


Operating  ranges  for  the  sensors  are  0~206,9  N/cm^  (0  to  30C  psla)  for 
PS3,  0-13.8  N/cni2  20  psia)  for  PTO,  and  0-8.3  N/cm2  (0  to  12  psld)  for 

both  differential  sensors. 

Tiie  sensors  operate  on  the  principle  of  a mechanical  distortion  pro- 
ducing a change  in  electrical  resistance  across  a strain  gage  and,  hence,  a 
change  in  electrical  current  output  from  a bridge  circuit.  Referring  to 
Figure  12.25,  pressure  is  ported  to  tlic  sensing  beam,  llie  beam  is  shaped 
such  that  it  bends  and  causes  "stretch"  on  the  surface  to  which  the  strain 
gages  are  attached. 


12.6.5  Position  Feedback  Sensors 


Rotary  and  linear  variable  differential  transformer  transducers  will 
be  used  to  sense  the  position  of  various  engine  parts  and  components. 
These  are: 


lare 

Compressor  stator  vane  actuator  position  LVDT 

Power  lever  position  RVDT 

Fuel  metering  valve  position  RVDT 

The  variable  differential  transformer  translates  the  displacement  of 
a magnetic  core  into  an  AC  output  voltage  which  is  proportional  to  the 
displacement.  Several  different  designs  arc  used  to  obtain  specific  per- 
formance characteristics,  but  basically,  these  transducers  are  constructed 
of  one  primary  coll  and  two  secondary  colls  as  shown  In  Figure  12.26, 

An  alternating  current  provided  by  the  digital  control  (6.6  volts  rms 
3030  Hz)  is  fed  through  a primary  winding.  Ibe  magnetic  core  couples  the 
primary  and  secondary  coils  by  conducting  the  alternating  field  inside  the 
coils.  \>^ien  the  core  is  in  the  center  position,  an  equal  portion  of  the 
core  extends  into  each  of  the  secondary  coils  and  affects  an  equal  coupling 
between  the  primary  and  each  secondary  coil.  An  alternating  voltage  of 
equal  magnitude  Is  Induced  in  the  secondary  coils.  With  the  secondary  colls 
connected  in  series  opposed,  the.  output  Is  close  to  zero.  As  the  probe  is 
moved  to  either  side,  the  coupling  between  the  primary  and  one  secondary 
coll  is  increased,  while  the  coupling  between  the  primary  and  the  other 
secondary  coll  is  decreased.  A larger  voltage  is  then  induced  in  one  second- 
ary coil  than  in  the  other,  and  the  output  voltage  will  be  the  difference 
between  the  two  voltages  and  linearily  proportional  to  the  position  of  the 
LVDT  core  rod. 
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SECTION  13,0 


NACELLE  AERODYNAMIC  DESIGN 


13.1  SUMMARY 

The  QCSEE  OTW  propulsion  system  design  requirements  include  exhaust 
area  variation  and  flow  turning  exceeding  any  previous  design  data  base. 
Therefore,  in  order  to  define  an  acceptable  exhaust  system  for  QCSEE,  an 
experimental  development  program  was  conducted  by  GE  and  NASA  at  the  Langley 
Dynamic  Stability  Branch  facilities.  Both  static  and  low  speed  wind  tunnel 
tests  were  conducted.  As  a result  of  this  program,  an  exhaust  system  has 
been  developed  which  meets  the  QCSEE  OTW  exhaust  area  variation  requirements 
between  takeoff  and  cruise;  it  provides  excellent  lifting  capability  at 
takeoff  and  approach  wing  flap  settings,  and  it  houses  a target-type  thrust 
reverser  that  meets  the  required  reverse  thrust  objectives.  Since  the 
QCSEE  program  is  a ground  engine  demonstration  progriim  only  and  no  aircraft 
geometry  was  defined,  the  program  did  nut  have  any  high  speed  cruise  drag 
test  program. 

The  nacelle  external  geometry  was  designed  for  an  aircraft  cruise  Mach 
number  of  0.72.  The  nacelle  external  lines  were  defined  to  maintain  a 
maximum  diameter  of  200.2  cm  (78.8  Inches)  with  a balanced  design  consider- 
ing aerodyanmic,  acoustic,  and  mechanical  requirements.  The  fan  discharge 
duct  was  designed  to  provide  a low  Mach  number  flow  over  the  acoustically 
treated  panels  to  optimize  the  attenuation  effectiveness  without  adversely 
affecting  aerodyanmic  performance. 

The  upper  portion  of  the  exhaust  nozzle  houses  the  thrust  reverser 
which  is  designed  to  provide  reverse  thrus.*  equivalent  to  35%  of  takeoff 
thrust.  The  sides  of  the  nozzle  contain  movable  doors  which  open  up  at 
takeoff  and  landing  to  provide  approximately  25%  more  flow  area  than  the 
closed  cruise'  position.  These  doors  were  designed  not  only  to  effect  this 
area  requirement  but  also  to  enhance  flow  spreading  and  thereby  improve 
powered  lift  operation. 

An  accelerating  inlet  with  a high  throat  Mach  number  and  acoustic 
treatment  in  the  diffuser  Wcis  selected  to  meet  the  engine  noise  suppression 
requirements.  The  design  objective  was  to  achieve  the  highest  practical 
throat  Mach  number  consistent  with  high  levels  of  fixed-geometry  inlet  per- 
formance across  the  assumed  aircraft  operating  envelope.  The  aeslgn  throat 
Mac!i  number  of  0.79  was  based  on  studies  of  available  inlet  data.  The 
inlet  was  to  be  as  short  as  possible  consistent  with  acoustic  treatment 
needs  and  required  aerodynamic  performance  at  all  aircraft/propulsion 
system  operating  conditions.  These  system  operating  conditions  included 
inlet  operation  without  separation  at  50®  angle  of  attack  at  an  aircraft 
speed  of  41.18  m/sec  (80  knots)  and  90®  crosswind  at  velocities  of  18  m/sec 
(35  knots). 
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Sciilt*  model  inlet  tests  of  several  inlet  eonf  igural  ions  eondueted  In 
the  NASA  Lewis  9 by  15-ft  VSTOL  Wind  Tunnel  resulted  in  the  selection  of  an 
inlet  geometry  capable  of  nu*et ing  all  requirements.  The  selected  inlet 
conf  igiira  t ion  has  a highlight  diameter  to  throat  diameter  ratio  of  1.21  and 
a highlight  to  maximum  diameter  ratio  of  0-9UO, 


^ ^ - OTSU^N  RKQUiRHMKNTS 

riie  primary  system  design  requirements  defining  the  OTW  propulsion 
s y s t em  we  re  t he  foil o w i ng : 

• System  to  be  representative  of  a four-~engine  aireraft  instal  lat  ion. 

• Ingine  installation  to  be  designed  for  a symmetric£il  eonf  igurat  ion, 
not  tailored  to  a specific  aircraft  design. 

• System  to  have  external  flow  lines  representative  of  an  installation 
having  low  drag  at  cruise  Maeh  number  - 0.72. 

• System  to  provide  upper  surface  flow  attaobment  for  all  flap 
posit i ons , 

• Aircraft  cruise/takv.‘off  thrust  = 0.21  for  noiizie  sizing  purposes. 

• Approach  flap  chord  lino  angle  = 60®. 

• rakeoff  flap  chord  line  angle  = 30®. 

• Reverser  to  provide  reverse  thrust  equivalent  to  35%  takeoff  thrust 
for  ground  ust'  only  with  operational  capability  down  to  5.J  m/sec 
(iO  knots)  without  exceeding  engine  limits. 

• Inlet  to  have  no  separation  at  angles  of  attack  to  50^^  with  41.1 
m/sec  (80  knots)  free  stream  velocity,  and  up  to  18  m/sec  (35  knots) 
at  crosswind  angles  of  90®. 

• Kxhaust  system  to  provide  about  25%  area  variation  as  required  by 
the  engine  cycle  between  takeoff  and  cruise  operating  conditions. 

i ^ ^ comtonent  design 

13.3.1  Exhaust  System 

The  exhaust  nozzle  was  designed  to  achieve  the  desired  flow  cliaracter- 
istics  specified  in  the  design  requirements  using  the  data  base  established 
by  NASA  Langley.  These  data,  shown  in  Figure  13.1  from  SAE  Paper  740470 
define  the  unique  relationship  of  the  aerodynamic  turning  and  geometric 
nozzle  and  flap  parameters. 
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(Reference  SAE  Paper  740470,  Figure  4) 
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Figure  13.1.  Effect  of  Nozzle  Deflection  on  Jet  Turning  Angle. 


The  design  evolved  from  the  preliminary  flowpath  definition  shown  in 
rigure  13.2  to  the  Baseline  QCSKE  OTO  exhaust  system  configuration  illustrated 
in  Figure  13.3.  The  design  incorporated  two  side  doors  for  the  25%  area 
variation  requirement  and  a target- type  thrust  reverser.  The  Baseline 
design  appeared  to  be  aerodynamically  and  mechanically  feasible  but  lacked 
,i  specific  data  base  to  launch  any  full-scale  hardware  design. 

Tho  inadequate  data  base  was  due  largely  to  the  innovation  of  the  two- 
door  concept  which  was  unlike  any  other  design  available,  and  the  difficulty 
in  determining  what  the  exit  area  characteristics  were  in  terms  of  flow 
coefficient  and  velocity  coefficient.  A Joint  GE,  NASA  Lewis,  NASA  Langley 
program  was  established  to  obtain  the  required  data  base  for  the  QCSEE 
nozzle  and  to  define  the  forward  and  reverse  nozzle  geometries  to  satisfy 
the  design  requirements  previously  stated.  It  was  also  desirable  to  confirm 
that  the  flap  flow  attachment  achieved  at  static  conditions  would  be  main- 
tained during  wind-on  conditions. 

The  nozzle  development  effort  commenced  by  establishing  a general 
maximum  area  available  for  side  door  arrangements  since  the  specific  door 
design  was  not  yet  knov/n.  This  area  is  shown  in  Figure  13.4.  A brain- 
storming session  by  GE  and  NASA  resulted  in  the  concepts  for  consideration 
slu^wn  in  Figure  13.5.  The  plan  was  to  start  with  the  baseline  nozzle  shown 
in  Figure  13.5  and,  if  the  test  results  so  dictated,  to  proceed  to  investi- 
gate each  concept  in  a designated  order  of  priority.  However,  satisfactory 
baseline  configuration  performance  made  it  unnecessary  to  pursue  testing 
the  remaining  concepts. 

The  internal  performance  (flow  coefficients,  velocity  coefficients) 

Lest  setup  is  shown  in  Figure  13.6.  The  model  is  shown  with  a bellmouth 
installt>d  on  a 14  cm  (5.5  inch)  diameter  tip  turbine  driven  fan  and  round 
calibration  nozzles  at  the  exit.  Also  shown  on  the  test  bench  in  Figure 
13.6  is  the  QCSEE  OTIV  baseline  nozzle  with  side  doors  open  to  the  takeoff 
position.  This  model  was  designed  to  allow  ready  interchangeability  of  the 
aft  ducting.  The  model  was  pressure  instrumented  and  thrust  was  measured 
using  a two-component  force  balance  mounted  beneath  the  floor  plane.  After 
round  nozzle  calibration  runs  were  completed,  QCSEE  OTW  nozzle  thrust, 
airflow,  and  pressure  ratio  were  obtained  for  takeoff  and  cruise  side  door 
set  tings.  Tiiese  data  were  taken  with  nozzle  alone  and  with  small  and  large 
flat  plate  wing  upper  surface  simulations  as  shown  in  Figure  13.7. 

i'or  wing/flap  static  turning  performance,  the  OTl^J  scale  model  and  fan 
assembly  were  taken  off  tlie  force  balance  and  a wing,  which  was  configured 
for  the  60°  approach  flap  setting,  installed.  The  QCSEE  nozzle  was  positioned 
over  the  wing  upper  surface  and  mounted  to  the  test  bench  in  a manner  which 
did  not  ground  the  wing/force  balance  system,  see  Figure  13.8.  With  the 
propulsion  simulator  and  QCSEE  nozzle  supplying  airflow  to  the  wing  upper 
surface,  the  resultant  wing  lift  and  drag  forces  were  measured  on  the  force 
balance.  These  data  were  combineu  ’ith  nozzle  alone  axial  and  vertical  force 
data  to  obtain  propulsion  system/wiu  ^flap  static  turning  angle  and  -ruing 
efficiency  (relative  to  the  takeoff  nozzle  with  large  plate). 


40.64  cm  (16  in. 


Figure  13.7.  Langley  Scale  Model  Bench  Test  Configuration. 


While  the  initial  static  turning  test  results  of  the  baseline  nozzle  were 
very  encouraging,  and  in  general  agreement  with  the  Langley  data  base  in 
Figure  13.1,  the  measured  static  turning  angle  (48®)  did  not  meet  the  QCSEE 
objective  of  60®.  Variations  of  the  baseline  nozzle  were  then  made  and 
tested  in  the  program  as  shown  in  various  views  on  Figure  13.9  through 
13.14.  The  nozzle  arrangements  depicted  respectively  as  the  Baseline, 
recon touured  number  1,  and  recontoured  number  2,  reflected  technical  in- 
sight into  the  flow  turning  mechanism  and  the  direction  to  proceed  for 
improving  static  turning  with  some  attention  to  the  Impact  on  external 
drag.  Two  side  door  arrangements  were  included  in  the  experimental  evalu- 
ation, a small  door  with  angle  of  60®  and  large  door  with  angle  of  25® 
described  in  Figure  13.10. 

The  resultant  turning  data  for  RC-1  and  Baseline  nozzles  is  shown  in 
Figure  13.15.  The  recontoured  RC-1  nozzle  produced  significantly  better 
turning  data  than  the  baseline  with  relatively  insignificant  difference 
between  the  large  and  small  door  designs.  RC-2  data  indicated  the  same 
degree  of  static  turning,  but  these  results  are  not  shown  because  of  sus- 
pected force  balance  measurement  errors. 

The  recontoured  RC-1  nozzle  performance  with  large  nozzle  side  doors 
was  considered  very  satisfactory,  meeting  all  turning  objectives,  and  all 
consideration  for  alternate  concepts  was  dropped  at  this  point.  Only  the 
wind-on  test  was  required  to  ensure  that  the  flow  attachment  was  not  affected 
by  freestream  effects. 

The  initial  static  tests  were  conducted  at  Langley  using  a single-fan 
propulsion  simulator.  With  this  configuration,  the  maximum  nozzle  exit 
pressure  ratio  obtainable  was  in  the  order  of  1.15,  whereas  the  QCSEE 
demonstrator  engine  nozzle  pressure  ratio  was  approximately  1.3  at  the 
takeoff  power  setting.  In  order  to  avoid  having  to  extrapolate  scale  model 
flow  and  velocity  coefficient  data  from  1.15  up  to  the  1.3  nozzle  pressure 
ratio  region,  the  test  set  up  was  converted  to  a higher  pressure  ratio 
tandem  fan  arrangement  as  shown  in  Figure  13.16.  Total  pressure  measurement 
instrumentation  is  also  shown  in  this  figure.  All  final  calibration  nozzle 
and  QCSEE  Baseline  and  RC-1  nozzle  data  presented  on  Figures  13.17  through 
13.25  were  obtained  with  this  tandem  fan  configuration. 

Figures  13.17  and  13.18  show  the  flow  coefficient  and  velocity  coeffi- 
cient characteristics  of  the  four  round  calibration  nozzles.  These  data 
were  adjusted  to  agree  with  reliable  flow  coefficient  data  which  were 
obtained  by  NASA  Lewis  on  similar  nozzles  (reference  NACA  Report  933).  The 
adjustment  was  made  by  applying  a total  pressure  bias  correction  to  computa- 
tion of  model  ideal  weight  flow  and  ideal  velocity  (both  functions  of 
measured  nozzle  pressure  ratio)  to  effect  a match  between  calibration 
nozzle  flow  coefficient  data  and  the  referenced  NACA  data  at  the  respective 
nozzle  cone  half  angles,  6.  The  bias  correction  was  rationalized  on  the 
basis  that  simulator  total  pressure  was  measured  from  a manifolded  single 
reading  and  did  not  compensate  for  significant  total  pressure  profile 
effects  which  should  have  been  mass  weighted  in  favor  of  the  higher  fan 
pressures  found  at  the  fan  tip  and  turbine  drive  air  regions.  Without  this 
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Fxgure  13,10.  Baseline  Door  Designs. 
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Figure  lo.l2.  Nozzle  Internal  Flowpaths. 


igure  13.13.  External  Nacelles 
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Figure  13.23.  .Model  Used  in  Wind  Tunnel  I 


Figure  13.24 


Model  Used  in  Wind  Tunnel  Investigation 
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maSvS  woi)»tit  ing,  measured  total  pressure  was  erroneously  low  and  resulted  in 
veltJoity  and  flow  coefficient  levels  above  unity  wit!i  increasingly  higher 
values  occurring  as  model  pressure  ratio  was  decreased.  The  total  pressure 
bias  correction  amounted  to  nominally  0.9  percent  at  a measured  pressure 
ratio  of  1.10  and  1.3  percent  at  measured  pressure  ratios  of  1.25.  The 
resultiUit  round  nozzle  flow  and  velocity  coefficient  trends  and  level  with 
the  adjusted  pressure  ratio  are  reasonable  and  Justify  the  method  used  to 
ci>rrect  the  data.  All  scale  model  coefficient  data  contained  in  this 
repi>rt  liave  been  adjusted  using  the  corrections  determined  from  analysis  of 
t lie  round  nozzle  data. 

Figures  13.19  and  13.20  present  flow  coefficient  data  for  the  baseline 
and  KOI  Nozzles.  Both  nozzles  show  essentially  the  same  area  change 
between  takeoff  and  cruise  effective  areas  with  relatively  small  changes  in 
effective  areas  attributed  to  flat  plate  configuration.  The  cruise  to 
takeoff  area  change  measured  is  considered  acceptable  for  the  QCSEE  OTW 
denu>nstrator  engine  cycle  needs. 

Nozzle  velocity  coefficient  data  are  shown  on  Figures  13.21  and  13.22 
for  tlie  baseline  and  ROl  nozzle  configurations.  These  velocity  coefficients 
are  defined  as  the  resultant  thrust  (determined  from  vertical  and  axial 
force  balance  readings)  divided  by  the  calculated  ideal  thrust  (function  of 
pressure  ratio).  The  results  show  that  RC-1  and  baseline  takeoff  velocity 
i‘4>i't  f ic  lent s are  essentially  the  same  (U).91  to  0.915)  with  the  large  plate 
installed,  witli  RC- I performance  for  the  small  plate  and  plate  off  approxi- 
mately l.O  to  1.5  percent  better  than  the  baseline.  The  difference  in  per- 
formance between  the  large  plate  and  eitlier  small  plate  or  plate  off  con- 
t jgurations  is  attributed  to  a combination  of  (1)  large  plate  skin  friction, 
(2)  nonaxial  velocity  components  (flow  angularity  loss)  which  arise  from 
till*  side  door  flow  spreading,  and  (3)  jet  impingement  losses  associated 
with  turning  the  exiiaust  flow  axially  along  the  large  plate. 

Cruise  nozzJe  velocity  coefficient  data  indicate  RC-l  and  baseline 
noz/.les  Iiave  comparable  performance  with  the  large  plate  installed  and  for 
plate  off  conditions.  As  with  tlie  takeoff  nozzle,  tlie  difference  in  per- 
formani'e  between  large  plate  and  plate  off  conf  igurat  ions  is  attributed  to 
large  plate  friction  and  jet  impingement  turning  losses;  angularity  losses 
ari'  i'onsldered  to  be  essentially  eliminated  when  side  doors  are  closed. 

rhe  v\^Lnd-t>n  evaluation  was  conducted  in  the  NASA  Langley  3.65  m (12 
It)  pressure  tunnel.  The  test  wing  and  flap  arrangement  is  slunm  in  Figure 
13,23  schomat ical I y and  installed  in  the  wind  tunnel  in  Figure  13  24. 
Illustrated  in  Figure  13.25  is  the  model  with  tufts  under  actual  freestream 
I’luuiiiions.  'rhe  tufts  show  excellent  flow  attachment  and  confirm  that  the 
excellent  static  flow  attachment  charac teristics  are  retained  with  wind-on. 

The  Langley  program  also  evaluated  the  addition  of  vortex  generators. 

I'lie  data  shown  in  Figure  13.26  with  the  baseline  nozzle  show  a slight 
improvement  with  the  vortex  generators  but  the  system  lift  was  still  less 
I iian  the  rocoiUoured  nozzles  and  therefore  tlie  recontoured  nozzle  was 
sclt'cted  as  the  c)(NKK  design.  Another  factor  in  the  selection  was  the 
unkm>wn  impact  of  vortex  generators  on  noise  generation. 
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The  QCSEE  OTO  propulsion  system  tiual  flow  path  design  which  evolved  from 
the  l.angley  development  tests  is  shown  on  Figure  14.5  (Section  14.0).  This 
lonf iguratlon  is  designated  RC-IA,  being  deriveu  ;oin  the  roof  lines  from 
RC-I  and  the  floor  lines  of  RC-2  (see  Figure  13.12).  Roof  lines  from  RC-1 
were  selected  because  of  potentially  higher  cruise  performance  with  the 
shallower  28‘’30*  boattail  angle  versus  33°  for  RC-2,  as  shown  on  Figure 
13.9.  The  floor  lines  from  RC-2  were  selected  because  the  curvature  was 
more  moderate  and,  therefore,  more  conducive  to  flow  attachment  inside  the 
nozzle . 


13.3.2  Thrust  Reverser 

The  OTW  thrust  reverser  configuration  was  established  from  1/12  scale 
model  tests  at  the  NASA  Langley  Research  Center.  The  test  setup  shown 
schematically  on  Figure  13.27  consisted  of  two  13.97  cm  (5.5  inch)  diameter 
tip  turbine  driven  fans  coupled  in  tandem,  a bellmouth  for  airflow  measure- 
ment, and  a force  balance  having  both  axial  and  normal  (relative  to  model 
centerline)  force  measurement  capability.  Reverser  configurations  were 
attached  to  the  aft  portion  of  a single-stream  simulation  of  the  QCSEE  OTW 
fan  duct  and  "D”  nozzle  model  which  was  modified  to  form  the  basic  reverser 
opening  and  blocker  door  assembly.  A typical  scale  model  Installation  in 
the  static  facility  is  shown  on  Figure  13.28.  This  figure  also  shows  the 
blast  shield  used  to  prevent  relngestion. 

Reverser  geometry  investigated  included  blocker  axial  spacing  (X) 
blocker  height  (Hg),  lip  length  (L)  and  lip  angle  (f!),  blocker  door  inclina- 
tion angle  (u),  and  skirt  geometry  and  rotation  angle  (t).  Figure  13.29 
further  describes  the  geometric  parameters  evaluated.  Forty-three  configura- 
tions were  tested  in  all,  with  reverser  pressure  ratios  ranging  between 
1.12  and  1.32. 

Initial  informal  testing  at  Langley  showed  that  the  baseline  reverser 
geometry  (refer  to  Figure  13.29)  performed  poorly  relative  to  the  35%  of 
takeoff  thrust  required.  Also,  the  reverse  lirflow  level  was  15  to  20% 
below  forward  thrust  takeoff  values  at  the  same  pressure  ratio.  Some 
additional  informal  exploratory  tests  (many  not  recorded)  were  then  conducted 
In  an  attempt  to  establish  the  direction  for  further  development  effort. 
Significant  reverse  thrust  Improvement  was  noted  with  extended  lip  length 
(up  to  L/Dxh  = 0.8)  and  by  extending  the  side  skirt  forward  (including  one 
configuration  which  totally  blocked  off  the  two  sides)  and  rotating  the 
skirts  outward  to  capture  flow  which  was  observed  to  be  spilling  out  the 
sides.  Increasing  the  blocker  door  inclination  angle  (a)  was  also  found  to 
substantially  increase  reverse  thrust  level. 

The  final  test  matrix  shown  in  Tables  13-1  and  13-11  was  established 
on  tlic  basis  of  results  obtained  from  the  preliminary  investigations.  Lip 
angle  ((•:)  variation  was  included  in  the  final  matrix  along  with  blocker 
door  height  (Hr)  and  the  tabbed  skirt  configuration.  The  tabbed  skirt 
concept  evolved  from  the  extended  skirt  in  order  to  eliminate  skirt  and 
nozzle  side  door  interference  which  would  otherwise  occur  with  stowing  the 
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Table  13-11.  Reverser  Test  Matrix  (Concluded). 
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rovorsor.  BJocker  door  axial  spacing  (Xp/Dj^)  was  also  included  in  the 
matrix  because  of  its  potential  for  increasing  the  airflow  level  in  reverse, 
since  none  of  the  other  parameters  previously  investigated  were  totally 
effective  in  this  regard. 

Langley  scale  model  test  results  are  presented  in  Figure  13.30  through 
J3.  J9.  Airflow  ratio  data  (Wppv/%WD)  contained  on  each  figure  Is  defined 
as  the  measured  reverse  mode  flow  at  the  test  pressure  ratio  (Pt/Pq) 
divided  by  the  forward  takeoff  nozzle  airflow  at  the  same  pressure  ratio. 
Reverse  thrust  data  shown  is  defined  as  the  measured  reverse  mode  thrust  at 
|)ressure  ratio  (Pp/Po)  divided  by  the  resultant  forward  thrust  at  the  QCSEE 
takeoff  pressure  ratio  (about  1.29  on  the  model  pressure  ratio  basis). 
F'orward  thrust  and  airflow  characteristics  were  obtained  from  previous 
static  tests  (Section  13.3.1)  of  the  RC-1  model  configuration  with  nozzle 
area  control  doors  in  the  25°  position  and  with  the  small  plate  attached; 
the  resultant  thrust  was  calculated  from  normal  and  axial  force  balance 
readings  from  the  equation. 

= V^aXIAL  ^NORMAL 

Performance  trends  for  the  baseline  reverser  blocker  door  inclination 
angles  with  varying  side  skirt  geometry  and  lip  length  are  given  in  Figure 
13.30.  This  figure  shows  that  a very  long  (and  mechanically  Impractical) 
lip  (L/Dxh  “ 0.8)  in  combination  with  a tabbed  side  skirt  rotated  outward 
to  45°  (p)  is  required  to  meet  the  QCSEE  35%  reverse  thrust  objective.  The 
figure  further  points  out  the  relative  insensitivity  of  reverser  airflow 
ratio  (0.82  to  0.875)  to  these  parameters  compared  to  the  large  reverse 
thrust  1‘haages  observed. 

The  effect  of  increasing  the  blocker  door  Inclination  angle  (rotation  of 
the  door  forward  at  the  top)  on  performance  is  presented  on  Figure  13.31  and 
13.32.  These  data  show  that  reverse  thrust  requirements  can  be  met  at  both 
105°  and  115°  ((}•)  blocker  door  setting  with  a practical  lip  length  of  0.4 
IVDth*  Again,  side  skirt  geometry  must  be  the  tabbed  configuration,  rotated 
outward  45°.  Note  that  the  increased  blocker  door  inclination  angle  caused 
<1  further  reduction  in  flow  ratio  compared  with  values  in  Figure  13.30. 

The  effe(‘t  of  blocker  doc^r  axial  spacing  was  investigated  to  establish 
the  effect  on  airflow  matching  characteristics  and  reverse  thrust.  The 
lest  results  shown  on  Figure  13.33  indicate  only  0.005  increase  in  reverse 
flow  ratio  for  a largo  increase  (1.06  to  1.20)  in  blocker  spacing  (X]?/Dxh)  > 
and  tliat  this  flow  increase  was  offset  by  a comparable  reverse  thrust  loss 
at  the  1.3  pressure  ratio  condition.  Considering  the  results  of  QCSEE  OTW 
engine  stall  margin  studies  with  reduced  exit  area  (described  in  a subsequent 
paragraph)  and  the  level  of  reverse  thrust  demonstrated  from  the  Langley 
reverser  test,  it  was  concluded  that  there  was  no  reason  to  change  the 
haseJine  QCSEE  re^'^erser  pivot  point  from  its  current  location  (Xp/DxH 
0.865). 
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Figure  13.33.  Effect  of  Bicker  Spacing  on  Reverse  Thrust  and  Airflow  Relat 
to  AF/l>pu  = 1.06. 


Tlu‘  revorsor  side  cut  line  was  trimmed  off  at  an  angle  (see  Figure 
13*2^)  to  provide  a smoother  flow  path  for  reverser  efflux  in  the  region 
where  the  side  skirt  is  joined  to  the  blocker  door.  The  trimmed  cut  line 
also  raises  the  reverser  side  walls  and  provides  additional  spillage 
control.  The  beneficial  effect  of  the  trimmed  cut  line  is  shown  in  Figure 
13.34.  At  the  takeoff  pressure  ratio  level  (Pr/Po  1.3)  an  improvement  in 
reverse  thrust  ratio  of  about  0.025  was  measured;  reverse  airflow  ratio  was 
not  affected. 


Figures  13.35  through  13.39  present  airflow  and  reverse  thrust  parametric 
derivatives  obtained  from  cross  plotted  matrix  data.  Significant  observations 
to  be  made  from  these  data  are: 

1.  Lip  length  (Figure  13.35)  has  a powerful  effect  on  reverse  thrust, 
particularly  in  the  region  from  L/PxH  =0.2  to  0.4.  While  gains 
in  reverse  thrust  are  significant  ail  the  way  up  to  L/Di*h  = 0.8, 
mechanical  design  constraints  on  an  engine  conf iguration  would 
limit  the  lip  length.  Lip  length  has  little  influence  on  airflov^? 
capacity . 

2.  Lip  angles  (Figure  13.3b)  lower  than  25'"  (relative  to  the  engine 
centerline)  are  ineffective  in  incriMsing  reverse  thrust  while 
significant  improvenunit  in  reverse  tlirusi  was  observed  between 
25"*  and  35"*  settings.  Airflow  capacity  was  little  influenced  by 
lip  angle  in  the  range  tested  ( 1 5''- ) . 

3.  Blocker  door  inclination  angle  (Figure  13.17)  in  the  range  95"*  to 
105''  was  found  to  sign!  f icant  ly  affect  bvUh  reverse  thrust  and 
airflow  capacity,  while  little  change  was  noted  for  the  inerement 
between  105'"  tuui  115''. 

4.  Outward  rotation  of  the  side  skirts  (vingie  s*')  had  a strong  favorable 
effect  on  reverse  thrust  with  a moderate  increase  in  airflow  as 
shown  on  Figure  1 3, 3vS.  Some  informal  exploration  of  angles  above 
the  45"'  shown  on  this  figure  indicated  iidditional  performance 
benefit . 

5.  Blocker  door  lieight  variation  in  the  range  of  Hg/'ivpp  between  l.bj 
and  1.73  proved  to  havo  little  effect  on  either  reverse  thrust  or 
airflow  etipvicLty  as  indicated  from  F.'gure  13.39. 

The  OTW  reverser  conf igairat ion  selected  from  analysis  of  the  scale  model 
data  is  shown  on  I'igure  13.40.  The  conf igurat ion  has  an  increased  lip  length 
(L/OtII  “ 0.4)  and  tlio  lip  angle  was  reduced  to  25'"  (r).  ihe  reverser  blocker 
door  is  rotated  forward  10"'  (representative  of  the  105"'  scale  model  setting) 
and  tabbed  side  skirts  rotated  outward  45*'  (^f)  are  incorporated . The  reverser 
side  cut  line  is  also  trimmed  to  take  advantage  of  the  performance  gain  indi- 
Ciited  from  scale  model  tests.  The  blocker  door  pivot  point  remains  unchanged 
at  Xp/PtH  ~ 0.865,  since  axial  spacing  test  results  shoveed  no  signifieant 
gains  in  airflow  capacity  could  be  made  by  moving  the  blocker  aft  any 
reasonabl e amount . 
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Figure  13.36.  Effect  of  Lip  Angle  on  Reverse 
Thrust  and  Airflow. 


Tabbed  Hide  Skirt  a = 105 


Figure  13.38.  Effect  Of  Side  Skirt  Angle  on  Reverse  Thrust  and  Airflow. 


Figure  13.40.  OTW  Reverser  Cor4f igurat ion 
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B?ocker  Door  Leakage  Effective  Area 


Calculated  One  Dimensional 
Duct  Mach  Number 


Engine  Station,  inche 


Maximum  Mach  Number  for  Efficient 
Inlet  Operation  M = 0.82 


Figure  13.45.  Inlet  Throat  Mach  Number  Selection 


The  inlot  aerodynamic  design  requirement  was  to  achieve  a high  level  of 
recovery  at  the  high  throat  Mach  number  with  the  shortest  possible  length 
acoustic  treatment  in  the  diffuser.  A scale  model  inlet  program  was  con- 
ducted at  the  NASA-Lewis  9 x 15  Foot  VSTOL  Wind  Tunnel.  The  scale  model 
installed  in  the  wind  tunnel  is  shown  in  Figure  13.46.  The  30.48-cm  (12- 
inch)  model  represents  a 17%  scale  of  the  full-size  inlet.  Test  data  in 
terms  of  inlet  recovery  as  a function  of  angle-of-attack  are  presented  in 
Figure  13.47  for  four  different  Inlet  configurations.  As  shown,  two  of  the 
conf iguratlons  exceeded  the  5C  angle  of  attack  objectives  and  two  failed  to 
meet  the  objectives.  On  the  basis  of  the  test  results,  a 1.21  diameter 
ratio  (Dhl/Dxh)  inlet  with  an  external  diameter  ratio  of  0.900  (Dhl/^^IAX) 
was  selected  as  the  best  overall  balanced  design  for  angle  of  attack, 
crosswind,  and  cruise  operation.  Test  results  indicated  that  the  selected 
configuration  achieved  all  of  the  design  objectives.  The  geometry  of  the 
selected  Inlet  Is  presented  in  Figure  13.48.  Additional  inlet  information 
is  available  in  NASA  CR- 134866. 
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Experimental  and  Flight  Nacelles 
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Design. 


SECTION  14.0 


PROPULSION  SYSTEM  AND  NACELLE  MECHANICAL  DESIGN 


14.1  SUMMARY 


14.1.1  Flleht  Propulsion  System 

The  over-the-wing  flight  propulsion  system  shown  in  Figure  14.1  is 
designed  for  installation  on  a high-wingi  short-haul  aircraft  utilizing 
upper-surface-blown  (USB)  flaps  to  provide  powered  lift.  Major  features  of 
this  propulsion  system  include:  a high  throat  Mach  number  inlet;  full 

authority  digital  control;  integrated  aircraft,  nacelle,  and  engine  struc- 
ture; composite  acoustic  panels  and  nacelle  structures;  a variable  area 
"l)"-sliaped  exhaust  nozzle;  and  a slnglerdoor  target  reverser. 

The  engine  accessory  package  is  mounted  on  the  bottom  of  the  fan  casing 
with  a separate  aircraft  gearbox  mount  at  the  rear  of  the  engine.  The  shaft- 
driven  aircraft  gearbox  carries  an  air  turbine  starter,  a 60  kVA  integrated- 
drive  generator  (IDG),  a hydraulic  pump,  and  a fuel/oil  cooler  to  dissipate 
heat  generated  by  the  gearbox  and  IDG.  This  arrangement  has  the  unique 
advantage  of  eliminating  all  hydraulic  and  lube  Interconnections  between  the 
engine  and  aircraft.  Thus  on  engine  installation  or  removal,  the  only  liquid 
disconnects  would  be  the  fuel  lines.  In  this  concept,  the  target  reverser 
and  the  exhaust  nozzle  area  control  doors  would  be  operated  by  the  aircraft 
hydraulic  system. 

These  features  in  combination  with  the.  integrated  nacelle  concept  yield 
tlu*  following  significant  advantages  when  compared  with  current,  conventional 
aircraft/propulsion  system  Installations. 

• Reduced  Frontal  Area  - The  high  Mach  inlet  requires  a small  throat 
diameter  than  does  a conventional  low  Mach  inlet.  This  allows  a 
smaller  highlight  diameter  while  maintaining  the  lip  thickness 
required  for  operation  at  angle  of  attack  or  with  a crosswind. 
Performance  requirements  at  the  low  QCSEE  cruise  Mach  number  per- 
mits a high  value  of  hlghlight-to-maximum  nacelle  diameter  ratio 
which  results  in  a relatively  small  frontal  area. 

Separation  of  the  engine  and  aircraft  gearbox  reduces  the  size  of 
the  conventional  bottom  bulge  which  also  contributes  to  reduced 
frontal  area. 

• Sliorter  Pipes  and  Wires  - Location  of  the  accessories  on  the 
bottom  results  in  shorter  "runs"  from  the  engine  to  the  accessories 
and  to  the  aircraft  wing,  reducing  system  weight  and  Improving 
maintainability.  On  conventional  propulsion  system  installations, 
pipes  are  routed  around  the  fan  casing.  In  the  QCSEE  design  the 
exterior  of  the  casing  is  clean  permitting  the  engine  fan  casing  to 
serve  also  as  a part  of  the  nacelle. 
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Figure  14.1.  OTW  Flight  Propulsion  System. 


• Rociucod  Intoryuil  Losses  • Tl\e  engine  mounting  concept  in  the  over- 
the-winp  instaflation  eliminates  the  need  for  an  upper  pylon.  The 
bottom  pylon  can  be  reduced  in  size  because  it  houses  only  the 
enginc-'to*-gearbox  piping  and  the  aircraft  bleed  systems.  The 
smaller  pvlon  reduces  bypass  duct  blockage  and  resultant  Internal 
presstire  losses. 

• * •“  small  throat  diameter  of 
the  liigh  Mach  inlet  permits  a significant  reduction  in  nacelle 
maximum  diameter  while  maintaining  the  required  aerodynamic  con- 
tours to  assure  good  ins' illed  performance.  This  combination  of 
diameters  results  in  a suostantial  reduction  in  nacelle  thickness 
and  allows  the  fan  cowl  to  be  combined  with  the  fan  casing/frame 
Into  one  Integral  structure. 

The  integrated  engine/naccHc  design  approach  results  ie  thin  nacelle 
walls  of  approximately  9.9  cm  (3.9  in.)  at  the  top  and  35.6  cm  (14.0  in.)  at 
t ht'  accessory  bav  at  the  bottom.  The  walls  of  this  configuration  are  20  to 
40’.  thinner  than  walls  on  current  aircraft  nacelles.  The  resulting  nacelle 
maxinitim  diameter  is  198  cm  (78.8  in.),  and  the  overall  length  is  660  cm 
(2S9.7  in.). 

The  propulsion  system  installation  over  the  wing  results  in  a height 
irom  tlio  ground  to  the  bottom  of  the  nacelle  of  approximately  4.6  m (15  it). 

A maintenance  stand  therefore  is  required  to  reach  the  engine  accessories. 

The  accessory  cowl  doors  are  liinged  to  the  fan  casing  and  swing  out  to  expose 
the  engine  accessories  as  shown  in  View  A of  Figure  14.2.  This  permits 
diicct  access  to  install  or  remove  any  component  and  allows  visual  inspection 
of  accessories  and  piping  joints  while  the  engine  is  operating.  Core  engine 
aciess  provisions  are  shown  in  View  B.  Opening  this  door  also  exposes  the 
''pi»wer~take-of f**  drive  shaft  from  the  engine  to  the  aircraft  gearbox.  A rear 
thior  opens  for  access  to  the  aircraft  gearbox  and  accessories  as  shovm  in 
View  C.  Fan  and  core  cowl  doors  open  to  permit  vertical  installation  of  the 
engine,  with  tlie  cowl  doors  and  aircraft  gearbox  remaining  ”on-the-wing. 

Nacelle  cross  sections  showing  the  transition  to  the  ”D**-shaped  exha  .jC 
exit  arc  shown  in  Figure  14.3.  These  cross  sections  show  how  the 
reverscr  blocker  door  forms  the  top  of  the  ’’D”  nozzle  in  the  forward  thrust 
tm>de.  The  blocker  in  the  reverse  thrust  mode  is  shown  in  phantom  in  Figure 
14.!  and  in  the  trimetric  Figure  14.4.  The  side  nozzle  area  control  doors 
arc  shown  in  Figure  14.3.  These  doors  open  to  enhance  flow  spreading  over 
t iu'  upper  siirlace  of  the  wing  for  maximum  propulsive  lift  on  takeoff  (if 
rctpurovn  and  at  approach.  The  OTO  cycle  requires  a range  of  forward  thrust 
woAzlc  areas  from  15,013  to  18,452  cm^  (2420  to  2860  in?)  between  cruise  and 
takcon  t^^erating  conditions. 

The  orw  ^Mliglu*^  propulsion  system  installation  gives  a unique  opportu- 
nitv  to  combine  several  functions  into  a single  structure.  In  the  proposed 
con! igurat ion  the  alt  outer  fan  duct  serves  as  the  aircraft  support  pylon, 
thus  integrr;ting  engine,  nacelle,  and  aircraft  structure  into  a semicomposite 
unit.  This  system  results  in  substantial  weight  savings.  Figure  14.4  shows 
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Accessibility,  Cowl  Doers 


Figure  14-4.  Flight  Tropulsion  System  Installation. 


a typical  flight  quick  engine  change  (QEC)  unit  or  neutral  engine  system. 
The  change  unit  includes  the  inlet,  tlie  engine  accessories  and  piping,  and 
the  core  cowl,  bottom  pylon,  and  the  basic  fan  engine  and  core  exhaust  sys- 
Lt‘m. 


The  mount  system  shown  in  Figure  14.4  takes  thrust  loads  (Vectors  T]r 
‘irtd  T|j  ) through  unibails  on  tlie  horizontal  centerline  on  both  sides  of  the 
casing.  These  uniballs  are  oriented  to  also  take  vertical  loads  (Vectors 
V2L  and  V2r).  Side  load  is  reacted  at  the  top  (Vector  S3)  with  the  induced 
moment  due  to  side  load/ torque  taken  in  the  vertical  mounts  (Vectors  V2l  ^^nd 
V2r) • To  complete  the  determinant  mount  system,  the  sixth  and  final  load 
vector  (V4),  is  an  airfoil  shaped  vertical  load  link  attaching  the  turbine 
frame  to  the  nacelle  at  the  top  vertical  centerline.  Unit  maneuver  and 
biade-out  loads  at  the  mount  points  are  shown  in  Table  14-1. 


14.1.2  Experimental  Propulsion  System 

TI)g  over-the-wing  experimental  propulsion  system  is  shown  in  Figure 
14.5.  The  experimental  system  will  be  mounted  from  an  overhead  facility,  and 
will  therefore  be  run  in  an  inverted  position.  The  overall  configuration 
basically  is  the  same  as  the  flight  system  except  that  the  exhaust  nozzle 
plug  is  not  canted,  and  a fan  exhaust  duct  splitter  has  been  added  to  meet 
the  experimental  engine  acoustic  objectives.  The  nacelle  maximum  diameter 
could  be  the  same  as  in  the  flight  installation,  but  the  overall  length  is 
54.1  cm  (21.3  in.)  greater  to  provide  common  core  exhaust  system  hardware 
with  the  under-the-wing  (UTW)  experimental  engine  ;>ystem.  The  overall  length 
is  713.7  cm  (281.0  in.)  to  the  confluent  flow  exhaust  nozzle  exit  plane. 
Comparative  outlines  of  the  ^*flight”  and  experimental  systems  are  shown  in 
Figure  14.6.  Other  specific  design  differences  between  the  '^flight'’  propul- 
sion system  and  tlie  experinitutal  engine  design  are  summarized  in  Table  14-11. 

The  test  configuration  of  the  OTW  experimental  engine  will  incorporate 
boilerplate  nacelle  components.  Internal  flow  lines  are  similar  to  the 
'*f light**  lines;  however,  changes  have  been  made  to  reduce  overall  program 
cost  by  maintaining  commonality  with  the  UTW  experimental  system  and  by 
eliminating  hardware  that  is  not  essential  to  demonstrating  the  system 
stat ically . 

Tlie  OTW  system  includes  the  following  features/components : 

• Hoilerplate  inlet  from  UTW  program  with  one  set  of  hardwall  and  one 

set  of  SDOF  acoustic  treatment  panels.  One  set  of  bulk  absorber 

panels  and  materials  for  an  additional  set  of  SDOF  panels  will  be 
procured. 

• Boilerplate  fan  and  core  co\^ls  from  UTW  program  with  hardwall  and 

one  set  of  SDOF  acoustic  panels.  Materials  for  an  additional  set 

of  SOOF  panels  and  two  bulk  absorber  panels  will  also  be  procured. 
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Table  14-11.  Experimental  Versus  Fllg’it  Propulsion  System,  OTW 


Areas  of  Difference 
Accessories 

Accessory  gearbox  case 
Oil  tank 

Heat  exchanger 

Fuel  delivery  system 
Control  system 
Lube  filters 
Accessory  placement 
Hydraulic  system 

Nacelle 

Acoustic  design 

Fan  exhaust  system 

Core  exhaust  system 

Accessory  cover 
Maintainability  and  Fllg] 

Anti-icing 

Fire  det.  and 
extinguishing 

Fuel  system 


Experimental 

Cast  aluminum 
TF39  Mod  (Facility) 
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• A boilerplate  acoustic  splitter  from  the  UTW  program  will  be 
adapted  to  the  OTW  engine  by  substituting  a shorter  tall  piece. 

• The  core  exhaust  nozzle  and  plug  from  the  UTW  program  will  be  used. 
These  components  Incorporate  Interchangeable  hardwall  or  stacked 
acoustic  treatment. 

• A lengthening  of  the  OTW  experimental  system  was  required  to  use 
the  core  exhaust  hardware  from  the  UTW  program  and  to  provide  the 
capability  of  rotating  the  OTW  "D"-shaped  nozzle  for  testing  In 
either  the  horizontal  or  vertical  planes. 

• The  experimental  system  Is  Inverted  relative  to  Its  normal  posl- 
tlon.  This  permits  common  facility  mounting  hardware  for  both  the 
OTW  and  UTW  test  systems. 

• The  external  flow  lines  and  the  accessory  cover  have  been  elimi- 
nated. If  used,  the  radius  would  be  approximately  8.9  cm  (3.5  In.) 
larger  than  the  flight  configuration.  This  Increase  In  external 
dimensions  Is  required  for  the  structure  to  support  the  replaceable 
acoustic  panels. 

• The  boilerplate  Inlet,  fan  cowl,  and  exhaust  nozzle/reverser  will 
be  supported  from  the  test  stand  to  prevent  overloading  of  the 
composite  fan  frame.  Primary  component  attachment  joints  will  be 
the  same  as  In  the  flight  configuration  to  assure  normal  flange  air 
and  noise  leakage.  Secondary  joints  will  be  provided  to  "break” 
the  load  path  between  the  engine  and  the  tesU-stand-mounted  boiler- 
plate components  (l.e.,  normal  engine  thrust  and  other  operating 
loads  will  be  carried  through  the  main  engine  mounts  to  the  test 
stand) . 


14.2  DESIGN  CRITEPIA 

All  components  have  been  designed  consistent  with  the  requirements 
specified  in  Section  2.0.  Additional  specific  nacelle  component  design 
criteria  are  as  follows: 

Inlet 


• No  anti-icing  system  components  or  inlet  metal  leading  edge  are 
included  in  the  design. 

• Design  is  a one-piece  structure  with  quick  disconnect-type  fas- 
teners. The  experimental  engine  does  not  include  the  forward 
extension  of  the  external  pylon/accessory  cover. 

• Boilerplate  liardware  will  be  supported  from  the  facility. 


• Boilerplate  inlet  will  have  an  aero-acoustic  leading  edge  lip.  The 
lip  is  contoured  to  simulate  Mach  number  distribution  for  80  knots 
forward  aircraft  velocity  at  static  operation  conditions. 

Fan  Cowl 

• No  power  opening  devices  are  included  for  either  flight  or  boiler- 
plate propulsion  system  hardware. 

• Aft  cowl  to  fan  frame  attachment  is  quick  disconnect  type  similar 
to  DC-10/CF6  design. 

Exhaust  Nozzle 

• The  variable-area  exhaust  nozzle  is  designed  to  spread  the  flow 
over  the  wing  when  propulsive  lift  is  required.  Exhaust  area 
varies  from  15,613  cm2  (2420  in. 2)  at  cruise  operating  condition, 
to  18,452  cm2  (2860  in. 2)  at  takeoff  condition. 

Thrust  Reverser 

• The  target  reverser  in  the  flight  configuration  must  be  capable  of 
withstanding  inadvertent  deployment  to  the  reverse  thrust  position 
under  the  following  operating  conditions: 

At  speeds  up  to  154  m/sec  (300  knots)  from  0 to  3048  m (10,000 
ft)  altitude  at  cruise  power  without  damage. 

At  speeds  up  to  193  m/sec  (375  knots)  above  3048  m (10,000  ft) 
altitude  at  maximum  power  without  separation  from  the  aircraft. 

Core  Cowl 

• Must  provide  access  to  core  and  core-mounted  accessories  without 
engine  removal. 

Maintainability 

• The  engine  is  capable  of  removal  from  an  aircraft  wing  and/or 
facility : 

Without  disconnecting  engine-to-engine  configuration  hardware 
or  accessory  components  (except  for  facility-mounted  com- 
ponents and  connecting  hardware  on  the  experimental  engine). 

Vertically  downward  (after  uncoupling  facility-mounted  com- 
ponents on  the  experimental  engine). 

Without  removal  of  fan  cowl  doors  or  exhaust  nozzle. 
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• Across  to  horoscope  ports  is  possible  without  removal  of  engine 
components  or  disconnecting  piping. 

• Engine  accessories  have  been  located  for  easy  Inspection  and  main- 
tenance. In  the  experimental  engine  configuration  some  compromise 
has  been  made  to  facilitate  use  of  existing  component  hardware. 


14.3  BOILERPLATE  NACELLE  DESIGN 


Presented  in  this  section  is  a discussion  of  the  conceptual  design  of 
the  "boilerplate"  nacelle  hardware  that  will  be  used  for  testing  of  the  OTW 
propulsion  system.  The  preliminary  design  review  of  the  bollerptate  nacelle 
and  facility  hardware  for  the  OTW  system  was  held  in  September  of  1975.  Com- 
pletion of  the  detail  design  is  scheduled  for  the  second  quarter  of  1976. 


14.3.1  Inlets 


Planned  testing  of  the  OTW  engine  will  require  three  boilerplate  inlet 
configurations.  The  NASA  Quiet  Engine  "C"  bellmouth  inlet  will  be  utilized 
for  aerodynamic  engine  mapping  and  baseline  acoustic  evaluation.  The  b'll- 
mouth  inlet  package  consists  of  a fiberglass/honeycomb  bellmouth  and  a 
cylindrical  casing  that  satisfied  the  aerodynamic  requirements  for  a low- 
Mach-number  inlet  (Figure  14.7). 

A massive  inlet  suppressor  will  be  utilized  to  Isolate  aft  end  noise  and 
provide  additional  information  for  acoustic  evaluation.  The  four-ring 
splitter  shown  in  Figure  14.8  from  the  Quiet  Engine  "C"  satisfies  the  require- 
ments for  a massive  inlet  suppressor. 

An  accelerating  inlet  (Figure  14.9)  will  be  employed  for  the  aero  and 
acoustic  evaluations.  It  includes  a fiberglass/honeycomb  lip  and  a fiber- 
glass structural  shell  that  provides  the  attachment  bosses  for  interchange- 
able sets  of  acoustic  treatment  paaels  and  hardwall  panels.  A typical 
single-degree-of-freedom  (SDOF)  acoustic  panel  will  consist  of  an  aluminum 
perforated  face  plate  stretch-formed  to  the  correct  contour  and  bonded  to  a 
honeycomb  panel,  which,  in  turn,  is  bonded  to  a fiberglass  backing  sheet. 

A typical  Inlet-to-test-stand  mounting  system  at  the  Peebles  test  site 
Is  shown  in  Figure  14.10.  As  a result  of  their  non-flight-weight  construc- 
tion, all  Inlets  will  be  mechanicallj'  decoupled  from  the  engine  to  prevent 
overload  of  the  composite  fan  frame  i.langes  due  to  excessive  engine  motion 
and/or  vibration.  A typical  decoupled  or  "loadbreak"  Joint  is  shown  in 
Figure  14.7.  The  air  seal  is  provided  by  a open-cell  foam  bonded  to  one-half 
of  the  flange  and  pressed  against  the  other.  The  two  seals  aerodynamically 
and  acoustically  simulate  the  hard- joint  condition  of  the  final  composite 
"t light"  propulsion  system  assembly. 
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Figure  14.7.  Boiler  Plate  Inlet,  Bellmouth. 


ng  Splitter. 


Figure  14,10.  Inlet  on  Test  Stand  at  Peebles  Proving  Grounds 
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14.3.2  Fan  Cowl 


The  OTW  fan  cowl  from  the  composite  fan  frame  to  Station  244.5  la  a 
fabricated  structural  shell  that  provides  the  attachment  capability  for 
interchangeable  sets  of  acoustic  treatment  panels.  This  hardware  will  be 
tested  first  on  the  UTW  engine. 

A splitter  tailpiece,  capable  of  converting  the  101.6  cm  (40  in.)  UTW 
splitter  to  a 76.2  cm  (30  in.)  OTW  configuration,  will  be  procured.  In 
addition,  a new  splitter  assembly  will  be  procured  in  the  OTW  program  for  use 
in  the  UTW  composite  configuration.  This  delay  in  building  the  second 
splitter  provides  additional  acoustic  design  flexibility  to  define  the  final 
UTW  splitter  configuration.  Both  splitter  assemblies  will  be  supported  by 
the  duct  through  six  airfoil-shaped  struts  (see  Figure  14.11). 

A new  section  of  OTW  fan  cowl  will  be  designed  and  built  to  extend  from 
Station  244.5  to  Station  262.  This  structure  will  be  a fabricated  shell  and 
will  accommodate  one  new  set  of  acoustic  treatment  panels  and  one  matched  set 
of  hardwall  panels.  This  structure  is  supported  at  Station  244.5  and  becomes 
part  of  the  fan  door  assembly.  Station  262  represents  the  last  circular 
section  and  the  end  of  acoustic  treatment.  It  also  is  the  plane  of  rotation 
for  the  nozzle  which  can  be  rotated  90®  during  NASA  testing,  so  that  the  "D"- 
sbaped  nozzle  will  match  with  a vertical  segment  of  an  aircraft  wing.  The 
outer  fan  doors  can  be  decoupled  from  the  fan  frame  and  supported  from  the 
facility  through  the  pylon  and  a set  of  telescoping  beams  to  gain  access  to 
the  core  engine. 


14,3.3  Exhaust  Nozzle  and  Reverser 

The  OTW  fan  bypass  duct  from  Station  262  to  Station  290  features  a re- 
movable structural  shell  that  is  decoupled  from  the  fan  door  system  and  pro- 
vides the  aerodynamic  section  that  transitions  from  circular  cross  sections 
to  the  "D"-shaped  thrust  reverser  and  nozzle  assembly.  Core  cowl  access  is 
accommodated  by  opening  the  hinged  fan  doors  and  removing  this  transition 
piece. 

This  section  will  include  a pylon  close-out  piece  that  can  be  modified 
to  accommodate  the  Peebles  testing  anvl  the  90®  rotational  requirement  for 
NASA  testing.  In  all  cases  this  structural  shell  is  supported  from  the 
thrust  reverser  which  has  its  own  mount  system  to  the  facility  thrust  frame. 

The  ”D*'  nozzle  and  thrust  reverser  assembly  is  a structural  fabrication 
composed  of  contoured  shells  and  rings  that  provides  multlposltlonal  nozzle 
area  control,  and  a two-position  thrust  reverser  as  shown  in  Figure  14.12. 
The  control  is  maintained  by  two  multlposltlonal  side  doors  and  accom- 
plished by  making  adjustments  during  engine  shutdown.  The  tv'O-posf t.ion 
thrust  reverser  will  be  bolted  in  either  the  closed  or  open  position.  Bolt- 
on side  skirts  and  lip  extension  will  simulate  the  configuration  of  the 
flight  reverser  in  its  fully  deployed  position.  This  assembly  incorporates 
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Figure  14.11.  Acoustic  Splitter,  Pan  Exhaust. 


its  ovm  mount  system  and  will  accommodate  either  the  Peebles  test  system  or 
the  NASA  90°  rotated  test  position.  The  mounting  concept  is  shovm  In  Figure 
14.13. 


14.3.4  Core  Cowl 

The  OTW  core  cowl  (see  Figure  14.14)  embodies  the  same  design  philosophy 
established  for  the  fan  due..  Since  the  core  cowl  flowlines  are  identical 
for  both  UTW  and  OTW  systems » the  UTW  acoustic  and  hardwall  panels  can  be 
utilized  In  the  OTW  system.  The  core  cowl  has  a forward  Interface  (Marman- 
type  joint)  with  the  fan  frame  and  an  aft  interfacing  slip  joint  with  the 
core  nozzle.  Access  tr  '.>e  compressor  and  turbine  Is  provided  by  the  hinged 
door  construction  of  the  •'orr  d'.jctlng.  This  Is  accomplished  by  attaching  the 
core  door  and  skirt  system  to  ^-cructural  stringers  extending  down  within  the 
pylon  through  a set  of  pins. 

Temperature  considerations  were  of  primary  Importance  In  determining  the 
core  cowl  configuration.  The  inner  surfaces  of  the  doors  are  exposed  to 
radiant  and  convective  heat  from  the  core  engine.  Heat  transfer  analysis 
established  the  requirement  for  a radiation  shield  plus  auxiliary  cooling  air 
to  protect  the  cowl  acoustic  panels  and  ensure  a safe  operating  environment 
for  the  epoxy  resins  that  will  be  used  in  their  construction.  Two  stainless 
steel  radiation  shields  are  mounted  off  the  cowl  door  on  each  side  of  the 
fire  wall.  The  auxiliary  "shop”  cooling  air  is  bled  in  between  the  core  cowl 
wall  and  the  radiation  shield  and  exhausted  through  the  pylon.  The  total 
amount  of  cooling  air  required  to  keep  the  maximum  temperature  at  the  desired 
level  is  approximately  0.4536  kg/sec  (1  Ib/sec).  In  a "flight"  configura- 
tion, the  core  cowl  would  be  nonmetal/composlte  construction  using  a higher 
temperature  resin  such  as  polyimld.  With  this  construction,  the  radiation 
shield  would  still  be  required,  using  fan  discharge  air  between  the  cowl  and 
the  radiation  shield  and  discharging  back  to  the  fan  stream  at  the  slip  joint 
between  the  cowl  and  the  core  exhaust  nozzle  at  engine  Station  274. 

On  the  experimental  engine,  the  core  cowl  is  drawn  in  as  close  to  the 
cote  engine  case  as  possible.  This  was  done  to  give  the  required  fan  exhaust 
flow  area  with  an  acoustically  treated  splitter  in  the  stream  and  to  maintain 
the  78. 8- inch  maximum  diameter  consistent  with  the  "flight"  configuration. 


14.3.5  Pylon-Skirt  Assembly 

The  pylon  assembly  for  the  boilerplate  nacelle  is  the  primary  structural 
support  system  for  the  fan  doors  and  the  core  cowl  doors.  The  pylon  is 
bolted  directly  to  the  main  engine  mount  suppports.  In  this  manner,  the 
outer  door  loads  are  transmitted  directly  to  the  facility  for  all  conditions. 
The  inner  skirt  and  hinge  is  decoupled  from  the  pylon  during  engine  operation 
and  attached  to  the  pylon  prior  to  opening  the  core  doors.  Core  door  loads 
are  transmitted  to  the  fan  frame,  radial  fire  wall,  and  outer  core  exhaust 
nozzle  slip  joint  during  engine  testing.  The  aerodynamic  contour  of  the 


pylon  is  provided  by  removable  nonstructural  fairing  panels  bolted  to  the 
structural  beam.  The  removable  fairing  provides  accessibility  for  core 
inspection. 

Figure  14.15  is  a roll-out  view  of  the  fan  cowl  shoving  the  top  pylon 
transition  into  the  top.  *'fat*'  strut  of  the  fan  frame  forward  of  engine 
station  200.  The  gearbox  radial  drive  is  enclosed  in  this  section  of  the 
frame  strut/pylon  leading  edge.  Just  aft  of  Station  200  is  the  "Pylon 
Service  Area"  housing  the  engine-to-gearbox  piping,  cables  and  wires.  An 
enlarged  section  of  this  area  is  shown  in  Figure  14.16.  Figure  14.17  is  a 
radial  cut  showing  the  piping  span  across  the  fan  flowpath  in  the  service 
area  of  the  pylon.  The  combination  tube  supports  and  firewalls  are  drained 
to  ensure  no  accumulation  of  flammable  fluids.  Present  plans  do  not  include 
acoustic  treatment  of  the  pylon  walls  and  core  skirt. 


14.4  CORE  EXHAUST  NOZZLE 


14.4.1  Core  Exhaust  Nozzle  Design  - Experimental 

The  non-f lightweight  OTW  core  exhaust  nozzle  is  shown  in  Figure  14.18. 
The  centerbody  consists  of  a 61.0  cm  (24  inch)  long  acoustically  treated 
cylindrical  section  attached  to  a nontreated  sheet  metal  cone  with  the  radial 
bolts.  This  assembly  then  is  attached  to  the  turbine  frame  inner  support 
with  radial  bolts.  The  outer  flowpath  also  has  a 61.0  cm  (24  inch)  long 
acoustic  section  attached  to  the  core  exhaust  nozzle.  The  exhaust  nozzle 
area  control  conical  section  will  be  trimmed  to  set  the  required  area.  At 
the  forward  end,  this  assembly  is  attached  to  the  turbine  frame  outer  casing 
flange  with  bolts.  A single  strut  assembly  located  on  the  bottom  centerline 
of  the  core  exhaust  nozzle  provides  an  aerodynamic  fairing  around  the  aft 
sump  service  lines  that  penetrate  the  core  nozzle  flowpath.  Cross  flow 
between  the  plug  cavity  and  outer  core  cowl  cavity  is  prevented  by  inner  and 
outer  blank-off  plates.  The  bolted  construction  permits  interchangeability 
between  the  acoustic  sections  and  the  Instrumented  inner  and  outer  hardwall 
assemblies  required  for  performance  and  baseline  acoustic  testing.  All 
sections  of  the  core  exhaust  nozzle  are  interchangeable  between  the  UTW  and 
OTW  engine  systems. 

The  stacked  acoustic  treatment  is  designed  to  attenuate  both  high  fre- 
quency turbine  noise  and  low  frequency  combustion  noise.  The  high  frequency 
treatment  consists  of  a welded  honeycomb  cylinder  2.16  cm  (0.85  Inches)  thick 
with  a perforated  face  sheet  on  the  flowpath  side.  The  outer  face  sheet  has 
no  perforations.  The  low  frequency  noise  is  attenuated  as  it  passes  through 
the  1.59  cm  (0.625  inch)  diameter  tubes  through  the  honeycomb  into  the  reso- 
nating chambers  which  are  7.0  - 9.4  cm  (2.75  - 3.7  Inches)  deep.  Each  sec- 
tion is  designed  for  a specific  frequency  by  varying  the  length  of  the  tube 
and  the  volume  of  the  resonating  chamber. 


During  engine  start-up,  large  thermal  gradients  exist  across  the  honey- 
comb structure  as  shown  in  Figure  14.19.  To  minimize  the  thermal  stress,  the 
inner  surface  of  the  inner  duct  treatment  and  the  outer  surface  of  the  outer 
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Gearbox  Radial  Drive 


Figure  I4.15.  Fan  Cowl  Rollout 
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Figure  14.18.  Boiler  Plate  Core  Exhaust  System. 
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Figure  14.19 


tliu't  treatment  are  saw  cut  as  shown  in  Figure  14.18  (Section  F-F) . To 
accommodate  the  differential  thermal  expansion  as  gas  temperatures  approach 
1089”  K (1500“  F)  at  the  center  of  the  stream  and  922  - 978“  K (1200  - 
1)00“  F)  at  the  walls,  the  honeycomb  (acoustic  treatment)  section  Is  designed 
to  freely  expand  radially  as  shown  In  Figure  14.20  and  axially  as  shown  In 
Figure  14.21.  Retaining  rings  at  both  ends  of  the  Inner  and  outer  cylinders 
center  tiie  acoustic  treatment.  The  12  rows  of  tube  holes  in  the  Inner  treat- 
ment and  the  11  rows  In  the  outer  treatment  are  oversized  to  provide  a thermal 
expansion  gap  except  for  the  closefitting  center  holes. 

The  radial  service  line  struct  located  on  the  bottom  centerline  of  the 
core  exhaust  nozzle  provides  an  aerodynamic  fairing  over  the  oll-in  line,  the 
seal  drain,  the  oil  scavenge  line,  the  auxiliary  air  line,  and  the  compressor 
discharge  air  to  the  balance  piston.  In  the  experimental  engine  these  lines 
are  routed  through  the  core  nozzle  to  the  sump. 

• Forward  and  aft  cavity  seal  drains  are  joined  into  a common  line  in 
the  plug  area.  The  single  line  comes  out  through  the  fairing  and 
is  discharged  into  the  fan  stream.  Wetness  or  dripping  of  oil  on 
the  floor  after  testing  would  Indicate  seal  leakage  and  the  need 
for  maintenance. 

• Auxiliary  (shop)  air  is  required  in  the  area  surrounding  the  sump 
(not  in  balance  piston  cavity)  for  low  speed  (3-4%  idle  thrust) 
running  where  the  third  stage  compressor  air  pressure  goes  below 
low-pressure-turbine  discharge  static  pressure.  If  not  pressurized 
with  "shop"  air,  hot  exhaust  gas  could  circulate  back  over  the 
turbine  disks  and  forward  into  the  compressor  rotor.  For  the 
flight  configuration  a higher  stage  bleed  will  be  required. 

The  aorodyiiaraically  shaped  strut  around  the  rear  sump  piping  has  a 4 to 
1 fineness  ratio  to  minimize  pressure  loss  in  the  core  exhaust  duct.  Dis- 
assembly of  the  strut  and  service  lines  is  not  required  to  change  the  acous- 
t ie  treatment.  The  strut  is  designed  wltli  a flshmouth  seal  that  engages  the 
inner  and  outer  acoustic  treatment  as  they  are  assembled  to  the  turbine  frame 
flange.  Tlie  strut  is  bolted  to  the  outer  acoustic  treatment  but  has  a slip 
Joint  between  the  strut  and  the  centerbody  to  accommodate  radial  differential 
tliermal  expansion  between  the  inner  and  outer  acoustic  treatment  sections 
during  transient  conditions. 

The  core  nozzle  is  a fixed-area  nozzle  with  A 5%  area  trim  capability 
provided  with  interclumgeable  conical  sections  that  are  bolted  to  the  nozzle 
cone  as  required  in  the  test  program.  Finer  control  can  be  achieved  by 
macliining  the  cones  to  achieve  the  area  desired. 


14.4.2  (Vny  Flight  Core  Exhaust  Nozzle 

A preliminary  design  of  the  OTW  flight  core  exhaust  nozzle  is  shown  in 
Figure  14.22.  The  core  exhaust  nozzle  is  angled  10“  from  the  engine  center- 
line  to  shorten  the  installation  and  to  direct  hot  gas  away  from  the  wing. 
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Exhaust  Gas 


9.88 


No  acoustic  treatment  is  required  to  meet  the  noise  level  requirements  for 
operation  on  a 914.4  m (3000  foot)  runway.  The  nozzle  is  a bolted  assembly 
with  reinforced  sheet  metal  construction.  The  weight  of  the  flight  core 
exhaust  nozzle  is  38.1  kg  (84  lbs). 


14.5  ENGINE  MOUNTING  SYSTEM 


14.5.1  Mounting  System  - Experimental  Engine 

The  OTU  experimental  engine  design  utilizes  the  same  mounting  system  as 
the  UTW  experimental  engine.  The  front  mount  shown  in  Figure  14.23  has  the 
vertical  and  side  load  uniball  centerline  at  engine  Station  199.0  on  the  rear 
structural  ring  of  the  composite  fan  frame.  Thrust  is  taken  through  the 
short  links  and  whlffletree.  The  two-point  attachment  moves  the  thrust 
reaction  points  closer  to  the  engine  centerline  minimizing  core  bending*  and, 
therefore,  improving  rotor-to-stator  running  clearance  control. 

The  rear  mount,  shown  in  Figure  14.24,  takes  vertical,  side,  and  torque 
loads  through  the  outer  ring  at  the  turbine  frame  at  engine  Station  247.47. 
This  engine  mount  system  is  composed  of  three  links  similar  to  that  used  on 
the  DC-10/CF6  mount  system.  Unlballs  at  the  ends  of  each  of  the  links  permit 
axial  movement  for  differential  thermal  growth  between  the  engine  and  the 
support  structure. 

When  mounted  as  described,  the  engine  and  its  mounting  structure  will 
withstand  the  flight  maneuver  forces  described  in  Section  2.0.  The  preces- 
sion rates  used  are  consistent  with  the  following  normal  commercial  e'lgine 
requirements: 

One  radian/second  in  either  pitch  or  yaw  combined  with  the  maximum 

resultanc  vertical,  fore  or  aft,  and  angular  acceleration  loads  at  zero 

to  maximum  thrust  combined  with  normal  cycle  pressure  and  thermal  loads. 

All  engine-mounted  equipment  such  as  the  inlet,  fan  exhaust  cowls,  and 
accessories  have  been  included  to  determine  mount  loads.  A forward  thrust 
load  of  81,400  N (21,000  lb)  has  been  used  in  the  design. 

A summary  of  typical  mount  reactions  for  the  mount  system  uoscribed 
above  (Figures  14.23  and  14.24)  for  unit  maneuver  and  "blade-out"  loads  is 
shown  in  Table  14-III  for  the  OTW  "Boilerplate"  configuration  with  the  fan 
cowl,  "D"  nozzle,  and  reverser  supported  from  the  facility  thrust  frame  and 
no  load  attachments  to  Che  engine.  This  experimental  engine  mount  system  is 
identical  to  the  system  used  on  the  UTW  experimental  and  flight  propulsion 
systems.  All  elements  have  been  sized  based  on  required  operating  maneuver 
load  conditions. 


477 


- Uniballs  2.223  cm  (7/8  in.)  Pi 
Out  - Max.  Link  Load  226^403  N (1 
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Table  14-III.  OTW  Experimental  Propulsion  System  Mount  Loads,  Boilerplate  Nacelle. 
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1A.6  ACCESSORIES 


The  accessory  arrangement  for  the  OTU  experimental  propulsion  system  is 
shovm  in  Figure  14.25.  To  reduce  cost*  many  of  the  experimental  engine  com- 
ponents are  "off-the-shelf"  items.  The  following  list  indicates  the  source 
of  Rome  of  the  items  that  are  located  in  the  accessory  area  of  the  experi- 
mental engine: 

e Main  fuel  pump  and  control  - tpodified  FlOl 

e Fuel  shutoff  valve  - no  flight  design 

e Water/oil  cooler  from  LM2500* 

e Lube  tank  from  the  CF6  modified 
s Lube  filters  from  the  CF6  (supply) 

e Industrial  scavenge  filter* 

e Air/oll  separator 

# Lube  and  hydraulic  pumps 

e Magnetic  chip  detectors  from  the  FlOl 
s Alternator  from  the  FlOl 

e Digital  control  - non- f lightweight  design 
e Ignition  box  from  FlOl 

s Control  cables  - nonflight  design 

s Power  takeoff  (PTO  - used  for  starter  mounting  pad  on  experimental 
engine) 

Optimized  designs  of  the  above  items  to  meet  flight  system  requirements 
would  be  mounted  on  the  outer  casing  of  the  fan  frame  in  the  bottom  accessory 
areas.  Either  location  of  these  components  will  permit  removal  of  the  inlet 
without  removing  or  uncoupling  any  of  the  engine  fluid  systems.  On  the 
experimental  installation*  the  piping  must  be  uncoupled  from  the  facility- 
mounted  components  indicated  above.  The  experimental  engine  casing  is  cast 
aluminum  (heavier  than  flight  design)  using  gears  and  gearbox  gearings  from 
the  FlOl  gearbox. 

Opening  fan  and  core  cowl  doors  will  provide  access  to  the  core  engine 
mounted  equipment  on  the  experimental  system: 

s Fuel  manifold*  valves*  and  tubes  from  the  FlOl 

• Stator  actuators  from  the  FlOl 

s Scavenge  pump 


*Mounted  to  facility  for  experimental  engine  testing. 
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Figure  14.25.  OIW  Experimental  Engine  Accessories 


ORIGINAI,  pa, 

ftX'R  or; 


• Ignitors 

• Instrumentation 

• Speed  sensors 

• Vibration  sensors 

• Fire  detection  and  extinguishing  (aircraft  hardware  mounted  on  the 
pylon) 

The  scavenge  pump  with  its  own  inlet  gearbox  and  radial  drive  is  on  the 
bottom  of  the  engine  to  provide  a gravity-drain  lube  system.  On  the  flight 
system*  the  scavenge  pump  would  be  mounted  on  the  accessory  gearbox. 

The  OTW  flight  system  will  include  the  following  items  not  planned  for 
the  experimental  engine: 

• Flight-weight  gearbox  with  provisions  to  drive:  fuel  pump  and 

control*  lube  and  scavenge  pumps*  alternator,  and  power-takeoff 
(PTO)  for  aircraft  gearbox  drive  shaft 

• Double-wall  fuel  piping  and  manifold 

e Improved  replaceablllty  of  fuel  injection  tubes 

• Flight  radial  drive  for  scavenge  pump 

• "Hardwall"  titanium  piping  in  place  of  soft  hardware  coupling  FlOl 
engine  pumping  with  accessories. 
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SECTION  15.0 


ENGINE  DYNAMICS 


15.1  SUMMARY 


A system  vibration  analysis  of  the  QCSEE  OTW  experimental  engine  In  the 
facility-mounted  boilerplate  nacelle  configuration  was  performed  to  determine 
the  critical  speeds  and  corresponding  amplitudes  of  vibration. 

Results  show  that  no  serious  vibration  problems  are  anticipated  assuming 
the  engine  rotating  assenl)lles  are  balanced  to  within  specified  design 
tolerances  using  currently  employed  balancing  technology. 


15.2  DESIGN  REQUIREMENTS 

The  propulsion  system  must  be  designed  to  be  capable  of  operating  within 
established  safe  operating  vibration  limits  for  excitation  frequencies  within 
all  rotor  speed  ranges  and  for  rotor  unbalance  not  exceeding  established 
allowable  manufacturing  tolerances.  In  addition,  the  system  must  be  capable 
of  withstanding,  without  further  major  structural  failure,  a transient  load- 
ing caused  by  significant  unbalance  Induced  by  blade  loss  resulting  from 
foreign  object  damage  (FDD).  The  transient  consists  of  the  time  required  for 
the  pilot  to  recognize  high  vibration  levels  and  take  the  necessary  steps  to 
shut  down  the  engine. 

Design  vibration  operating  limits  and  the  corresponding  rotor  balancing 
tolerances  are  established  biised  upon  the  criteria  that  the  rotor/bearing 
components  and  static  structures  shall  not  be  subjected  to  vibratory  loads 
In  excess  of  those  values  which  vrould  reduce  the  life  of  those  components 
below  the  established  design  life. 

For  the  OTW  propulsion  system,  there  are  actually  three  rotors  which  can 
serve  as  Input  sources  for  significant  energy  to  excite  a system  mode.  The 
three  rotors  are  shown  In  Figure  15.1  along  with  their  operating  speeds.  The 
range  of  frequencies  for  one  per  rev  excitation  is  from  approximately  9.55  Hz 
(573  rpm)  for  fan  ground  Idle  speed  to  242.25  Hz  (14,535  rpm)  for  maximum 
compressor  speed.  There  are  other  sources  of  excitation  such  as  the  star 
gears,  gear  meshing  frequencies,  and  blade  passing  frequencies;  however,  these 
sources  do  not  have  sufficient  energy  to  drive  the  engine  system  modes  being 
considered.  Such  component  vibration  Is  considered  In  the  design  criteria 
for  the  various  engine  parts  by  separate  detail  analyses  of  those  components. 

It  will  be  noted  that  the  complexity  of  the  propulsion  system  virtually 
precludes  the  avoidance  of  critical  speeds  In  the  operating  speed  range. 

Because  of  the  structural  damping  Inherent  In  the  various  components,  the 
resonant  amplitudes  of  the  dynamic  loads  and  displacements  do  not  exceed 
acceptable  limits  If  proper  balancing  of  rotating  components  has  been  achieved. 
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Howeveti  there  is  one  type  of  critical  speed  which  must  be  avoided  in  order  to 
avert  possible  serious  problems,  that  being  a rotor-dominated  mode  of  the 
circular  whirl-type  where  the  rotor  vibrates  laterally  or  whirls  at  the  same 
frequency  at  which  it  is  rotating  (forward  synchronous  precession).  Therefore, 
the  system  must  be  carefully  designed  to  ensure  that  rotor-domitiated  modes  of 
the  circular  whirl-type  do  not  exist  in  the  operating  speed  range  of  the 
engine. 


15.3  VIBRATION  ANALYSES 

15.3.1  Method  of  Analysis 

The  system  was  analyzed  by  use  of  the  General  Electric  computer  program 
VAST  (Vibration  Analysis  System)  which  is  used  to  calculate  system  critical 
speeds  and  vibratory  estimated  response  at  critical  speeds  for  known  unbal- 
ances. The  VAST  program  has  been  in  use  at  General  Electric  for  a number  of 
years  and  has  consistently  demonstrated  the  capability  of  accurately  predicting 
engine  critical  speeds  and  responses  for  many  types  of  engines  and  test 
vehicles  developed  by  General  Electric.  A mathematical  model  of  the  engine 
system  is  constructed  which  Includes  all  rotor  components  plus  all  stator 
components  supported  from  the  engine  mounting  system.  The  modeling  procedure 
consists  of  establishing  the  geometric  and  physical  properties  and  represent- 
ing the  various  components  by  a series  of  lumped  (or  point)  masses  connected 
by  flexible  beam,  cone,  and  spring  elements.  For  more  complex  structures  such 
as  a fan  frame  or  a bearing,  special  finite  element  models  are  constructed 
and/or  tests  of  actual  hardware  are  performed  to  determine  their  load/ 
deflection  characteristics.  In  summary  form,  the  basic  assumptions  made 
in  VAST  are  as  follows: 

1.  The  structure  is  axlsymmetrlc  and  all  deflections  and  vibrational 
modes  will  be  based  on  beam-type  behavior.  No  "shell  modes"  are 
considered. 

2.  Linear  elastic  behavior  of  materials  for  all  elements  modeled  as 
beams  or  cones. 

3.  Elements  modeled  as  beams  follow  classical  beam  small  deflection 
theory  in  bending;  shear  deformation  in  beams  is  also  considered. 

4.  All  spring-type  elements  exhibit  linear  load-deflection  character- 
istics. 

5.  Rotors  exhibit  gyroscopic  stiffening  due  to  whirling. 

6.  Damping  coeff telenets  are  assumed  to  be  constant.  The  structural 
damping  factor  is  not  considered  to  be  a function  of  velocity. 

7.  Mass  properties  are  considered  as  lumped  at  discrete  points  and 
are  Interconnected  by  massless  generalized  elastic  (spring) 
elements. 
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8.  A VAST  analysis  is  an  extension  of  the  Prohl*Myklestad  Mthod  of 
calculating  the  critical  speeds  of  flexible  rotors  represented 
by  beams. 

9.  The  effects  of  flexible  supports,  multiple  branches,  and  snergy 
distribution  schemes  also  are  considered. 

Critical  speeds  are  calculated  assuming  an  undamped  system;  however, 
estimated  actual  vibratory  deflections  and  loads  can  be  calculated  by  includ- 
ing damping  coefficients  for  the  various  components  along  with  possible 
unbalance  locations  on  the  rotors.  Damping  coefficients  are  based  primarily 
on  past  performance  of  similar  components  as  well  as  some  analytical  proce- 
dures in  the  case  of  friction  dampers  or  Journal  bearings  wlilch  are  used  in 
some  vehicles. 


15.3.2  Vibration  Model 

The  VAST  system  vibration  model  is  shown  in  Figure  15.2  in  schematic 
form.  The  various  frames  and  bearings  are  represented  by  springs  whose 
flexibility  coefficients  have  been  determined  by  a separate  analysis  along 
with  past  experience  with  similar  structures.  For  purposes  of  a VAST 
vibration  analysis,  the  fan  and  LP  turbine  shafts,  which  turn  at  different 
speeds  in  opposite  directions,  are  considered  decoupled  since  no  significant 
radial  loads  or  shaft  bending  moments  can  be  transmitted  through  the  reduc- 
tion gearing.  For  a torsional  analysis,  however,  this  decoupling  assumption 
would  not  be  true. 

From  a system  vibration  standpoint  there  are  essentially  three  rotors 
involved  due  to  the  reduction  gearing  in  the  LP  system,  each  rotor  rotating 
at  a different  speed.  Since  the  gyroscopic  stiffening  effects  in  the  rotors 
depend  upon  the  ratio  of  rotor  speed,  U,  to  the  system  vibratory  frequency, 
u),  and  since  the  source  of  system  excitation  is  assumed  to  be  an  unbalance 
in  one  of  the  rotors  causing  harmonic  excitation  at  the  same  frequency  as 
the  rotor  speed  (one  per  rev),  it  is  required  that  three  VAST  vibration  runs 
be  made  to  determine  all  system  criticals.  Thus,  the  following  cases  are 
defined: 

R » iJ/u) 

Fan  Excited  Critical  Speeds 

^Fan  - 
\p  ' 

«BP 
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LP  Excited  Ktoference  Critical  Speeds 


•Van  - 

- 1.00 

Rhp  -1.77 

HP  Excited  Reference  Critical  Speeds 

*^Fan  ‘ -27 

Rj^p  - 0.57 

R^p  ■ 1 . 00 

The  negative  sign  on  R represents  a backward  precession  In  whirling 
with  respect  to  that  component  for  which  R ■ 1. 

A series  of  VAST  runs  as  outlined  above  was  run  for  the  experimental 
engine  In  the  facility-mounted  boilerplate  nacelle  configuration.  In  this 
configuration,  the  boilerplate  nacelle  components  (inlet  and  fan  aft  duct) 
are  supported  by  the  facility  and  thus  decoupled  from  the  engine  from  a 
vibration  standpoint. 


15.3.3  Results 


The  results  of  the  vibration  analysis  are  shown  in  tabular  form  giving 
the  critical  speed  in  rpm  along  with  the  estimated  maximum  system  response 
for  both  normal  operation  and  the  one- fan-blade-out  condition.  In  the  former 
case,  the  maximum  system  response  is  given  for  an  unbalance  of  25.4  gm-cm 
(10  gm-in.)  at  selected  rotor  planes. 

Normal  vibration  data  for  the  fan  reference,  LP  turbine  reference,  and 
HP  rotor  reference  are  shown  in  Tables  15-1  through  15-111.  Blade-out  fan 
reference  data  are  presented  in  Tables  15-IV  and  15-V. 

As  part  of  the  output  from  VAST,  a computer-generated  plot  of  the  sys- 
tem schematic  with  superimposed  modal  deflection  pattern  is  produced.  Also 
shown  on  these  diagrams  is  a percentage  distribution  of  kinetic  and  potential 
energies.  This  graphic  output  assists  in  identifying  deflection  patterns, 
and  the  energy  distribution  shows  which  parts  are  bending  (high  potential 
energy)  and  which  are  subject  to  highest  g-loads  (high  kinetic  energy). 
Figures  15.3  through  15.5  show  typical  mode  shapes  for  various  types  of 
system  modes  for  Configuration  1 (facility-mounted  boilerplate  nacelle 
configuration) . 

For  both  the  vertical  and  horizontal  directions,  the  forward  and  aft 
mount  stiffnesses  have  been  assumed  to  be  1.97  M-N/m  (1  xlO^  Ib/ln.).  At 
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Table  IS-*!.  Critical  Speeds  - Fan-Excited  OTU  - Boilerplate  Nacelle 
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Table  IS-ll.  Critical  Speeds  - LP  Turbine  and  Shaft-Excited  OTW  - Boilerplate  Nacelle 
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operating  unbalance  expected  to  be  less  the  50.8  gn-cm  (20  gn-in.)  for  IP  shaft  and 
less  than  101.6  gm-cm  (40  gn-in.)  for  the  IP  turbine]. 


Critical 


co^ressor 


Blade-Oit  Response.  OTW  - BoUerpUte  Nscelle 


higlier  engine  speeds  Che  engine  behaves  like  a seismic  mass,  and  Its  response 
is  little  affected  by  the  relatively  soft  mo  inC  spring  rates.  Therefore,  Che 
computed  vibration  spectrum  for  both  normal  operation  and  fan-blade-out 
condition  is  believed  valid  for  the  higher  bendiug  modes,  and  needs  reexami- 
nation only  at  the  iow- frequency,  rigid-body  mount  modes.  The  facility  mount 
design  will  be  completed  by  9/75  and.  If  the  structural  analysis  results  in 
a spring  constant  significantly  different  from  the  original  estimate,  the 
effect  will  be  reevaluated  as  required. 


15.3.4  Conclusions 

(Refer  to  Table  1-V  and  Figure  3.5). 

The  results  of  the  VAST  analysis  indicate  the  following: 

1.  There  are  no  rotor  one-per-rev  flexural  crltlcals  in  the  engine 
operating  range. 

2.  For  normal  operation,  unbalance  in  Che  compressor  rotor  and  the  LP 
shaft  will  result  in  the  maximum  response  levels.  The  vibration 
amplitudes  predicted  are  0.1275  mm  (5.02  mils)  single  amplitude  at 
10,616  rpm  for  compressor  rotor  unbalance  and  0.1173  mm  (4.62  mils) 
single  amplitude  at  7085  rpm  for  LP  shaft  unbalance. 

3.  For  one-fan-blade-out,  the  following  is  indicated: 

- Low  pressure  shaft  excursions  will  result  in  possible  failure 
of  the  compressor  air  duct. 

- No.  5 bearing  support  cone  may  have  localized  yielding. 
Secondary  fan  case  damage  will  result  from  rubs. 

The  ultimate  load  capability  of  the  mounts  is  not  exceeded. 

4.  If  proper  rotor  balancing  procedures  are  followed,  the  system 
should  not  experience  any  serious  vibration  problems,  since  all 
modes  involve  significant  bending  of  static  structures  or  non- 
synchronous  rotors  which  contribute  to  dissipation  of  energy. 
Utilizing  current  balancing  technology,  the  rotors  can  be  balanced 
to  tolerances  within  those  required  to  meet  design  criteria. 


SECTION  16.0 


WEIGHT 


The  OTW  Propulsion  System  weight  stetus  at  the  completion  of  the  Detail 
Design  Phase  Is  shoim  In  Tables  16»I  and  16«>II*  Table  16^1  shoes  the  break- 
doim  of  engine  component  weights.  Differences  between  the  experimental  engine 
and  projected  flight  engine  weights  are  a result  of  material  substitutions 
and  design  changes  generally  made  to  reduce  cost  and  lead  time  of  the  e3q>erl- 
mental  hardware.  These  differences  are  covered  In  detail  In  Table  16-III. 

Table  16-11  Itemizes  the  Installation  components  which,  idien  added  to  the 
engine  wel^t,  result  In  the  total  propulsion  system  welfdit.  In  the  case  of 
the  Installation  Items  no  particular  effort  has  been  expended  to  control  the 
weight  of  the  boilerplate  hardware. 

As  shown,  the  equivalent  flight  OTW  propulsion  system  is  expected  to  meet 
the  contract  goal  of  4.7  installed  thrust- to-welght  ratio. 


Table  16-1.  OTW  Engine  Weight  Sumnary. 
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FlOl  LPT 
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Mod.  FlOl  Turbine  Frame 

83.9 

185 

47.6 

11 

Mod.  FlOl  LPT  Shaft 

28.1 

62 

28.1 

j 

Total  FlOl  Comp. 

662.7 

1461 

617.8 

13i 

Fan  Blades 

166.5 

367 

59.0 

1 

Disk 

142.0 

313 

69.9 

1 

Shu  1 1 

31.8 

70 

22.7 

Spinner  and  Flowpath 

31.3 

69 

22.2 

Total  Fan 

371.5 

819 

173.3 

3 

Reduction  Gear 

89.8 

198 

77.1 

1 

Fan  Frame  Comp.  Struct. 

120.2 

265 

108.4 

2 

Casings  and  Flanges 

48.1 

106 

45.8 

11 

Sump  and  Shields 

0.9 

2 

0.9 

Containment 

20.9 

46 

20.9 

Coro  OGV's 

19.1 

42 

14.5 

Total  Fan  Frame 

209.1 

461 

190.5 

4 

Oil  Tank 

15.9 

35 

11.3 

Bearing  Supports 

68.0 

150 

36.3 

Bearings  Sumps  and  Seals 

98.4 

217 

86.2 

1 

Accessory  Drives 

64.9 

143 

44.9 

Lube  and  Scavenge  System 

44.0 

V 

21.8 

-J 

Total  Brgs.  Drives  and  Lube 

291.2 

642 

200.5 

4 

Fuel  System 

33.6 

lit 

20.0 

Elect.  System 

26.3 

58 

25.4 

Piping  and  Wiring 

36.3 

JBO 

19.5 

Tot  a 1 Con  t r o 1 s Sy  s t em 

96.6 

213 

64.9 

1 

Total  Engine 

1720.5 

3794 

1324.1 

29 

Thrust /Weight  Uninstalled  - 21000/2919  =*  7.19  (Coal  7.4) 


Table  16-11.  OTW  Propulsion  System  Weight  Sunnaty 


Experimental 

Flight 

JaL 

lb 

Isa.  .. 

lb 

Inlet 

567 

1250* 

156.5 

345 

Fan  Duct  Doors 

272.2 

600* 

95.3 

210 

Splitter 

113.4 

250* 

- 

- 

Core  Cowl 

226.8 

500 

43.1 

95 

Core  Exhaust 

112.0 

247 

38.1 

84 

Aft  Nacelle  (see  note) 

212.7 

469* 

113.4 

250 

Nozzle/Reverser  Doors  and  Linkage 

241.3 

532* 

120.7 

266 

Nozzle/Reverser  Actuation 

mm 

- 

25.9 

57 

Oil  Cooler 

99.8 

220* 

18.1 

40 

Fire  Detection  and  Extinguishing 

30.8 

68* 

- 

Instrumentation 

22.7 

50 

5.9 

13 

Drains  and  Vents 

10.9 

24 

2.3 

5 

Total  Installation 

1909.7 

4210 

619.2 

1365 

Engine 

1720.5 

3794 

1324. 1 

2919 

Total  Propulsion  System 

3630.1 

8004 

1943.3 

4284 

Thrust/Weight  Installed  - 20300/4284  - 4.74  (Ck>al  4.7) 


*Faclllty-Mountea  Component 


Note:  Aft  Nacelle  Definition: 

Experimental  Propulsion  System  - Ail  static  structure  aft  of  the 
boilerplate  fan  cowl  doors  (Engine  Station  245.5).  Moveable 
components  are  listed  separately. 

Flight  Propulsion  System  - Flowpath  skin  aft  of  Engine  Station 
200.  Moveable  components  are  listed  separately.  The  engine 
supporting  structure,  corresponding  to  a pylon  In  a conventional 
installation,  is  Included  in  the  aircraft  weight. 
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Table  16-III.  Experimental  and  Flight  Engine  Weight  Differences 


Oompononi 

w*  Weight 

Just i fi cat  ion 

Rk 

lb 

FlOl  Core 

-8,6 

-19 

Flight  englni*  would  use  QT  core.  Many  changes  not  under  gCSEE  Projects' 
control,  are  currently  being  formulated.  These  include  a single-wall 
combuRtion  casing.  Also,  titanium  can  be  used  further  back  in  the  com- 
pressor because  of  the  stibsonic  operating  envelope  and  lower  fan  pressure 
ratio,  A ^SEE  engine  could  also  be  designed  ligltter  since  max,  P3  is 
172.3  (230  psia)  instead  of  311.8  N/cm^  (500  psia). 

Turbiiu'  Frame 

-36,3 

-80 

The  experimental  frame  retains  the  FlOl  structure  consisting  of  11  struts, 
uniball  outer  strut  attachments  and  l)olted  inner  strut  attachments.  The 
flight  frame  would  be  completely  redesigned  with  8 structural  struts  and 
8 non s true  turn  1 vanes  welded  into  ttu*  inner  and  outer  casing.  A lighter 
rear  mounting  wouhl  be  u.sed  than  in  the  VVf<  frame. 

Fan  Blades 

-107.5 

-237 

The  flight  blades  will  be  designed  to  use  composite  material  in  place  of 
titanium.  When  flutter  phenomena  of  composite  hlatlcs  are  better  under- 
stood, some  relaxation  in  torsional  stiffness  may  he  permissible 
reducing  the  boron  fiber  content. 

Fan  Disk 

-72,1 

-159 

Tills  saving  reflects  the  reduction  In  blade  weight  postulated  above. 

Fan  Shaft 

-9. 1 

-20 

Saving  is  ilue  to  use  of  titanium  in  place  of  .steel. 

Spinner  and 
Adaptors 

-9,  1 

-20 

Flight  engine  i.s  assumed  to  use  coitiposlte  materials  for  these  parts. 

Reduction  Gear 

-12,7 

-28 

Saving  is  due  to  use  of  titanium  in  place  of  steel  for  support  member, 

Fan  Frame 

-18,6 

-41 

A 10%  reduction  in  structural  weight  has  been  assumed  on  the  basis  that 
the  3X  safety  factor  and  5-blnde-out  requirement  'vlll  be  relaxotl  after 
more  composite  test  experience  is  gained.  Also  core  OGV's  would  be 
titanium  rather  than  steel. 

on  Tank 

-•1,5 

-10 

Saving  is  based  on  a new  oil  tank  in  place  of  TF-39  Component. 

Bear!  ng 
Supports 

-31,8 

-70 

Saving  is  due  to  use  of  titanium  in  place  of  steel  and  using  scalloped 
flanges. 

Bearings 

-12,2 

-27 

Experimental  engine  i»ses  a modified  CF6  No.  1 bearing.  It  is  ussumcii 
that  a smalle^r  fan  hearing  could  be  developeii  for  a flight  engine, 
lighter  thermal  shields  and  integral  oil  passages  would  be  used  on  all 
of  the  low  pressure  rotor  bearings. 

Accessory  I 

Drives 

1 

-19.9 

-14 

Tht»  experimental  gearboxes  use  availalile  FlOl  gear  trains  and  bearings, 
Lighter  components  could  he  used  for  the  reduced  QCHEE  accessory  loads. 
In  the  flight  .sy.steni  only  one  accessory  gearbox  nml  drive  is  required  on 
t h c lx>  1 1 om  o f t be  e n g i ne , 

Lube  and 
Scavenge  System 

-22.2 

-19 

Experimental  engine  uses  an  available  CFG  lube  pump  and  scavenge  filter. 
Flight  engine  would  allow  redesign  of  these  eomponents.  Also  a eomhina- 
tion  lube  and  scavenge  pump  is  used. 

Fuel  System 

-13,6 

1 

-30 

Most  of  this  reduction  is  due  to  the  use  of  an  all  digital  control  on  the 
fllftht  engine,  substituting  a fuel  metering  valve  for  the  hydromechanl cal 
con  t ro 1 , 

1 Electrical 
System 

-0,9  i 

-2 

A significant  saving  is  projected  by  improved  packaging  of  the  iligltnl 
control,  but  this  is  largely  offset  by  returning  to  a dual  ignition  system. 

Piping  and 
Wiring 

-16.8 

-37 

Both  the  experimental  and  flightweight  estimates  are  still  very  approxi- 
mate. Tile  flight  engine,  however,  will  employ  titanium  tubing  In  place 
of  steel,  and  the  hydraulic  lines  arc  part  of  aircraft  weight. 

Inlet 

-110,5 

-905 

Composite  inlet  in  place  of  boilerplate. 

Fan  Duct  Doors 

-50,8 

-390 

Tlie  flight  duct  Is  composite  material  ami  is  shorter. 

Spit  ter 

-113.1 

-250 

j 

No  splitter  is  required  in  flight  duct. 

Core  Cowl  | 

-83.3 

-105 

Saving  the  to  shorter  length  and  composite  material. 

Core  Exhaust 

-73.9 

-163 

Shorter,  nt>  acoustic  treatment,  ami  0.038  cm  (0.01,5  stock  in  place 

of  0.079  cm  (0.031  in.). 

Aft  Nacelle 

-99.3 

-219 

In  flight  engine,  this  item  is  the  nonstructurnl  skin  only. 

No/zlc/Reverser 
Doors  and 
Actuation 

-209 

Compo.site  construction  in  flight  engine,  includes  octualors. 

Oil  Cooler 

-81.6 

-180 

Experimental  engine  uses  slave  LM2500  water  oil  ctKihr.  Flight  engine 
uses  new  fuel/oil  eooler. 

Fire  Detection 
and  Exting. 

-30,8 

-68 

Tills  subsystem  Included  as  part  of  aircraft  weight. 

Instnimontatlon 

-16,8 

-37 

Estimate  based  on  reduced  reqiil ivment s ami  short  lines  in  Might  engine. 

Drains  and  Vents 

-8.6 

-19 

Reduction  due  to  improved  packaging  of  collector  and  shorter  lines. 
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SECTION  17.0 


SUMMARY  OF  RESULTS 


The  detail  design  phase  of  the  QCSEE  OTW  engine  "las  been  completed  as 
scheduled.  Design  analyses  have  shown  no  problems  of  a nature  to  prevent 
successful  operation  of  the  experimental  propulsion  system.  The  detail 
design  has  been  approved  by  the  NASA  Project  Office,  authorizing  the  fabri- 
cation and  procurement  of  all  engine  hardware  needed  to  meet  the  scheduled 
start-of-test  date  of  October  1,  1976. 

Because  of  the  hl^  degree  of  Integration  of  an  OTW  propulsion  system 
with  the  aircraft,  all  Installation  features  cannot  be  finalized  until  a 
specific  airframe  design  Is  well  underway.  As  a result  of  wind  tunnel 
testing  at  NASA-Langley,  a representative  "D"  nozzle/thrust  reverser  con- 
figuration has  been  selected  for  the  QCSEE  OTW  experimental  engine.  This 
design  has  been  approved,  permitting  fabrication  of  the  boilerplate  nacelle 
components  to  proceed  except  for  final  selection  of  the  thrust  reverser  lip 
and  side-wall  configuration.  These  Items  will  be  defined  on  the  basis  of 
further  wind  tunnel  testing,  and  a final  design  review  is  currently  scheduled 
for  January  7,  1976. 


